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Potential energy surface calculations have predicted the existence of triaxial
strongly deformed (TSD) nuclei with N~94 and Z~72. Subsequent calculations indicated
that
But

164 ,166

Hf would be the most favorable nuclei in the region for finding TSD structures.

experimental

161，
163,164,165，
167

discoveries

of

TSD

bands

only

have

been

reported

in

Lu nuclei with the wobbling mode, a unique signature of nuclei with

stable triaxiality. And experimental investigation produced negative results on the two Hf
isotopes. Later investigations in 168, 173-175Hf show existence of strongly-deformed bands,
but none have been confirmed as TSD structures. These results motivated an extension of
the search for TSD bands in the region to heavier Hf-isotopes like

171,172

Hf. A

Gammasphere experiment was carried out to search for triaxial strongly deformed (TSD)
structures in

171,172

Hf. Three strongly deformed bands in

172

Hf and one in

171

Hf were

identified through 48Ca (128Te, xn) reactions. Linking transitions were established for the
band in

171

Hf and, consequently, its excitation energies and spins (up to 111/2 D ) were

firmly established. However, none of the 172Hf sequences was linked to known structures.

Experimental evidence of triaxiality was not observed in these bands. Theoretical
investigations within cranked-shell models and Cranked Relativistic Mean-Field (CRMF)
Calculations have been performed. Cranking calculations with the Ultimate Cranker
suggest that the band in

171

Hf and two TSD candidates in

170

Hf and

175

Hf are built upon

proton (i13/2h9/2) configurations, associated with near-prolate shapes and deformations
enhanced with respect to the normal deformed bands. CRMF calculations suggest that
band 2 in

175

Hf has most likely a near-prolate superdeformed shape involving the

πi13 / 2 ⊗ υj15 / 2 high-j intruder orbitals. It is quite likely that the bands in 172Hf are similar
in character to this band.
In this experiment six normal deformed bands in

171

Hf and five in

172

Hf were

identified, also known low spin structures have been extended considerably. Linking
transitions to known low spin structures were well established for these five bands of
171

Hf but none of 172Hf. The spin and parity determinations of these rotational bands have

been performed based on DCO ratio and intensity measurement. The suggested
configurations of these structures also have been proposed.
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CHAPTER I
INTRODUCTION
Wobbling mode, characteristic of triaxial strongly deformed (TSD) rotational
bands, has been predicted by A. Bohr and B. R. Mottelson [1]. Early potential energy
surface calculations using different approaches, see e.g., Refs [2.3], predicted the
existence of an island of triaxial strongly deformed (TSD) nuclear structures with N~94
and Z~72, Later, systematic cranking calculations [7] using Ultimate Cranker (UC) [8]
revealed TSD minima in the potential energy surface at high spins in these nuclei with a large
quadrupole deformation ( ε

2

~ 0.4) and a substantial triaxiality ( γ ~ ±20°) . Therefore

166

Hf

was predicted the best candidate for TSD structure. However, experimental investigation
for 166Hf nuclei performed with Euroball [17] produced negative results. In a subsequent
experiment, SD bands were discovered in 168Hf [18]. This success motivated an extension
of the search for SD bands in heavier Hf-isotopes. The search produced positive results
for

170,173,174,175

observed in

Hf [19, 20, 21, 22]. A number of strongly deformed (SD) bands were

161,162,163,164,165,167

Lu and

168,170,173,174,175

excitations have recently been established in
161

Lu [6], but not in any Hf isotopes.

1

163

Hf [14-22]., and the wobbling

Lu [3],

165

Lu [4],

167

Lu [5], and possibly

Table1.1: TSD and SD bands in Lu and Hf isotopes [14-22]
N
Z

71
72
N
Z

90

91

92

93

94

2(0)

3(0)

161

162

4(4)
10-1

8(2)
10-1

3(2)
10-2

Lu

162

Hf

Lu

163

Hf

101

103

1(0)

2(2)

173

175

163

Lu

164

Hf

164

Lu

165

Hf

165

Lu

166

Hf

95
166

Lu

167

Hf

96
3(3)
10-2
167

Lu

3(0)
10-3
168

Hf

97
168

Lu

169

Hf

98
169

173

2(1)

8(0)
10-2

Lu

170

Hf

71
72

Hf

Hf
Number of TSD and SD bands observed
Number of bands connected to normal deformed (ND) bands

1 (1)
10 −2

Order of intensity relative to yrast

N: the neutron numbers
Z: the proton numbers.

2

102

Lu

174

Hf

The large deformation of TSD structures has been confirmed by the measured
large quadrupole moments through lifetime experiments in

163-165

Lu [4, 16, 40] and in

168

Hf [18]. Experimental proof of triaxiality is the establishment of the wobbling mode in

163

Lu [3, 9] for one- and two-phonon wobbling excitations, and in 165Lu [4] and 167Lu [5]

for one-phonon excitations. The measured large B(E2) values of the decay-out transitions
from the excited TSD bands to the lower TSD bands, in competition with the Δ I = 2 inband transitions, agree well with calculations using the particle-plus-rotor model [11, 12]
and random phase approximations [13]. Other bands in the region were suggested to be
TSD structures based on similarities of their dynamical moments of inertia, alignment,
etc., with the bands for which quadrupole moments were measured or the wobbling mode
was confirmed. The πi13 / 2 intruder orbital plays a significant role, together with neutron
shell gap at N = 94 it drives nuclei into large deformation and the triaxiality with γ ~ 20°.
The occurence of TSD bands in Hf isotopes is not consistent with theoretical
predictions. For example, systematic calculations [7, 10] with the "Ultimate Cranker"
code (UC) [8], based on a modified harmonic oscillator potential, have shown that TSD
minima (ε2 ~ 0.4, γ ~ ±20°) are expected for all combinations of parity and signature
( π , α , ) at high spins for nuclei with N ~ 92-98 and Z ~ 72. However, extensive
experimental searches failed to reveal TSD bands in

164

Hf and

166

Hf [17]. But strongly

deformed bands were only observed in 168,170,173-175Hf [18-20, 22], and the majority of the
bands were observed in heavier Hf nuclei, e. g., eight in

174

Hf [20] which is far away

from the predicted neutron shell gaps at N = 94 and N = 97. The bands in
more strongly populated than the bands in lighter
3

168

173 175

-

Hf are

Hf [18]. Furthermore, the measured

transition quadrupole moments, Qt ≈ 13 - 14.5 eb, for the bands in

173-175

Hf are

significantly larger than the values predicted by UC calculations [21, 22], indicating
superdeformed nuclear shapes, In spite of extensive experimental effort, the wobbling
mode so far was not observed in any Hf isotope. Several high-j intruder orbitals play
crucial roles in the UC calculations for Hf nuclei, including πi13/2, νj15/2 and νi11/2 [10], but
their locations are poorly known at large triaxiality. On the other hand, only a single
aligned i13/2 proton is involved in the UC calculations for the TSD structures in Lu nuclei
around

163

Lu [3], the νj15/2 and νi11/2 orbitals are above the Fermi surface. The observed

TSD structures in Lu isotopes generally agree with predicted TSD minima obtained in the
UC calculations.
We carried out an experimental study for 171,172Hf, which are between the lighter
168 170

, Hf and heavier

173-175

Hf. The motivation is to search for TSD structures and

wobbling bands, to gain a more systematic knowledge about the evolution of neutron
orbitals in this region, to clarify the nature of these strongly deformed bands in Hf nuclei,
and to learn about their intrinsic configurations. Further details and discussions will be
expended in later chapters.
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CHAPTER II
BACKGROUND AND THEORY
In this chapter the theory used later in the thesis will be presented. First the
parameterization of the nuclear shape and signal-particle nuclear potential, especially the
modified oscillator potential, will be discussed. Many experimental results will be
compared to particle-rotor model, rotation and deformation alignment will also be
introduced. The cranking shell model, and the fingerprint of triaxiality, such as chrial
twin bands and wobbling mode, will be explained. A short brief introduction of signature
and parity will be presented.
2.1

Nuclear Shape

The shape of a nucleus can be correspond to an expansion of the nuclear radius in
spherical harmonics with the shape parameters given by α λμ [1]:

R (θ , ϕ

)=

⎧
R α ⎨1 +
⎩

∞

λ

∑
∑λ
λ
μ
=1

=−

⎫⎪
⎪⎭

α λμ Y λμ (θ , ϕ )⎬
(2.1)

where Rα is the deformation-dependent radius, and is related to its spherical counterpart

R0 by volume conservation

5

R(θ ,ϕ )
2
4π 3
4π ⎛
3
⎞
R0 = ∫ dV = ∫ dΩ∫
r 2 dr = Rα3 ⎜1 + ∑ αλμ + Ο α 3 ⎟
3
3 ⎝ 4π
⎠

( )

(2.2)

R0 is the equilibrium radius of the nucleus, R(θ ,ϕ ) is the distance from the surface
to the origin and

α λμ

are the expansion coefficients of the spherical harmonics Yλμ (θ ,ϕ ) .

Also here radius should be a real, R(θ ,ϕ ) = R* (θ ,ϕ ) , and the property of spherical
harmonics, Yλμ = (− 1) Yλ − μ , leads to α λμ = (− 1) α λ − μ . The lowest multipole, λ = 2,
*

μ

μ

*

corresponds to quadrupole deformation, which can be described by a set of five
amplitudes α 2 μ , see Figure 2.1 The next multipole, λ= 3, corresponds to octupole
deformation. Octupole deformation describes reflection-asymmetry of the nuclear shape,
giving the nucleus a shape similar to that of a pear.
Notice that the expression (2.1) describes an axially-asymmetric shape. If the bodyfixed frame is chosen to be that of the principal axes, the following relations are obtained
for the expansion coefficients
coefficients

α 21 = α 2，-1 = 0 and α 22 = α 2，-2 This means that the two

α 20 and α 22 together with the three Euler angles, ϖ = (φ，θ，ϕ ) , are

enough to specify the orientation of the body-fixed frame. Instead of the expansion
coefficients two other parameters, (β, γ), are often used, and defined by

α 20 = cos γ and α

22

=

1
2

(2.3)

β sin γ

6

Figure 2.1: The Deformed Nucleus with Three Axes (a, b, c)
β is a measure of the total deformation amplitude of the nucleus because of the following
relation

β 2 = ∑ α 22μ
μ

(2-4)

The three semi-axes of a nucleus with an ellipsoidal shape are then given by
⎛
5
2π ⎞ ⎞⎟
⎛π ⎞
⎛
R⎜ ,0 ⎟⎟ = a = R0 ⎜⎜1 +
β cos⎜ γ −
⎟
4π
3 ⎠ ⎟⎠
⎝2 ⎠
⎝
⎝

(2.5)

⎛
5
4π ⎞ ⎞⎟
⎛π π ⎞
⎛
R⎜ , ⎟⎟ = b = R0 ⎜⎜1 +
β cos⎜ γ −
⎟⎟
4
3
π
⎝2 2⎠
⎝
⎠⎠
⎝

(2.6)

⎞
⎛
5
R(0,0) = a = R0 ⎜⎜1 +
β cos(γ )⎟
⎟
4π
⎝
⎠

(2.7)

7

In order to specify a certain quadrupole deformation, using the parameters β and γ,
only values within β > 0 and 0° < γ < 60° are needed. A nuclear shape associated with γ
value outside the range 0° <γ< 60° can always be described by a γ value inside the range,
by interchanging the names of the axes. In the case of a rotating nuclear system the γ
range has to be expanded to -120° < γ < 60°, as illustrated in Figure 2.2. In this way γ
also indicates about which axis of the shape the rotation occurs. At γ= ±60° the nuclear
shape is oblate, whereas at γ = 0° and γ = -120° the shape is prolate. For γ = -120°, 0°,
±60° the nucleus possesses axial symmetry. When γ ≠120°, 0°, ±60° the shape is triaxial,
which means the three axes a, b and c have different lengths. γ is often referred to as the
triaxiality parameter.

8

Figure 2.2: The Relation Between The nuclear shape and The Deformation Parameters β
and γ.
By using the Lund convention [51], in each of the three regions it is indicated
about which axis the rotation occurs.

2.2

Single-particle Orbital in Deformed Nuclei (The Nilsson Model)

The single-particle orbitals depend on the degree of deformation of the system and
on the pairing force. Furthermore, collective rotation of a nucleus also influences the
single-particle orbitals. The general form of the single-particle Hamiltonian, the
modified-oscillator (MO) Hamiltonian is given by [1],
9

H

sph

=−

h2
1
⎛
⎞
Δ + Mϖ 2r 2 − Cl ⋅ s − D⎜ l 2 − l 2 ⎟
0
2M
2
N⎠
⎝

(2.8)

where Cl ⋅ s is the spin-orbit term. The parameters C can be optimized for each
quantum number N to reproduce experimental data. The l 2 correction term is included in
(2.8) to give rise to an effective interpolation between the harmonic oscillator potential

1
Mϖ 02 r 2 and the infinite square well potential
2
⎧− V , r ≤ R
V (r ) = ⎨ 0
⎩ + ∞, r > R

(2.9)

As a secondary and undesirable effect of l 2 alone, a general compression of the
shells, which can be compensated by subtracting the term l 2
l2

N

=

N

,

N ( N + 3)
2

(2.10)

In the following we therefore concentrate on the modified oscillator potential and
look at how it can be changed to also describing a deformed nuclear system. If the
potential is different along the z-axis compared to the x- and y-axes, the single-particle
Hamiltonian can be written as

H sph = −

h2
2M

[ (

)

]

⎛ ∂2
∂2
∂ 2 ⎞⎟ 1
⎜
+ M ϖ ⊥2 x 2 + y 2 + ϖ z2 z 2 − Cl ⋅ s − D⎛⎜ l 2 − l 2
+
+
⎜ ∂x 2 ∂y 2 ∂z 2 ⎟ 2
⎝
⎠
⎝

(2.11)
A new deformation parameter, ε , can now be introduced through the relations[53]
⎛
⎝

2 ⎞
3 ⎠

ϖ z = ϖ 0 (ε )⎜1 − ε ⎟

(2.12)
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N

⎞⎟
⎠

⎛
⎝

2 ⎞
3 ⎠

ϖ ⊥ = ϖ 0 (ε )⎜1 + ε ⎟

(2.13)

with ϖ 0 (ε ) being weakly ε dependent, ε is then obtained as

ε=

ϖ ⊥ −ϖ z
ϖ0

(2.14)

ε < 0 corresponds to oblate deformation and ε > 0 to prolate deformation.
For quadrupole deformation ε is to the first order related to the deformation
parameter β in (2.3) as [54],
1

3⎛ 5 ⎞ 2
ε ≈ ⎜ ⎟ β ≈ 0.95β
2 ⎝ 4π ⎠

(quadrupole deformation)

(2.15)

And
1

⎛ 7 ⎞ 2
ε 3 ≈ (-)⎜ ⎟ β 3 ≈ (-)0.75β 3
⎝ 4π ⎠
(octupole deformation)

(2.16)

In Figure 2.3 the proton and neutron single-particle energy levels arc shown as a
function off (Nilsson diagrams). At ε = 0 the spherical quantum numbers, l and j are
indicated. With large ε values, we treat l 2 and l ⋅ s by perturbation theory and a
representation (a basis) that diagonalizes the deformed oscillator field are used. This basis
is a set of good quantum numbers, so-called asymptotic quantum numbers, which are
valid for large ε values. The quantum numbers are ( Nn z ΛΩ ). N is the principal quantum
number and n z is its component on the symmetry axis, n z = 0.1, 2,.... N . Λ and Ω are
the components of the orbital and total angular momentum j , along the symmetry axis,
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see Figure 2.4. The parity quantum number, π , is related to the asymptotic quantum
numbers by

π = (- 1) N

(2.18)

Figure 2.3a: Nilsson Diagram for Neutrons, 82 ≤ N ≤ 126 [56]
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Figure 2.3b: Nilsson diagram for protons 50 ≤ N ≤ 82 [56]

ε 4 = - ε 22 6 , from [52]
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Figure 2.4: Schematic Drawing of an Axially-symmetric Nucleus Indicating the Different
Angular Momentum Quantum Numbers.

2.3

Rotational Bands (the Particle-rotor Model)

In the particle-rotor model the rotating nucleus is treated as a collectively rotating
core consisting of paired nucleons to which a nucleon is coupled. The total angular
momentum, I, of the coupled system is given by I = R + j , where R is the collective
angular momentum of the core, and j is the particle angular momentum. The particle
rotor model is described in [1]. For pure collective rotation the Hamiltonian can be
written as
H rot =

h2 2
R
2J 0

(2.19)

Here, J 0 is the moment of inertia. The energy spectrum then takes the form
14

E rot =

h2
I (I + 1)
2J 0

(2.20)

.
2.3.1 Strong Coupling - Deformation Alignment

For an odd nucleus, the specific features of the low-energy states are determined by
the orbital of the odd nucleon. For such orbitals in a deformed axially symmetric
potential, in addition to parity, only the projection of the angular momentum j on the
symmetry axis, Ω , is a preserved quantum number. As illustrated on the left in Figure
2.5, the total spin, I , is built as the sum of the spin of the odd particle, j , and the collects
spin of the core, R . The core is built from all the paired nucleons. Thus the collective
energy for rotation of an axially symmetric nucleus around perpendicular axis, the z-axis
being the symmetry axis, is calculated from
H rot =

[

[

1
R2
(I1 − j1 )2 + (I 2 − j2 )2
=
2J 2J

(

)

]
]

1 2
=
Ι − I 32 + j12 + j22 − (I + j− + I − j+ )
2J

(2.21)

The term (I + j − + I − j + ) corresponds to the Coriolis and centrifugal forces, which gives a

coupling between the motion of the particle in the deformed potential and the collective
rotation. The selection rules for j+ and j- are ΔΩ = ±1 . Each orbital of the deformed
potential is twice degenerate corresponding to the two possible signs of Ω . Thus, with the
odd particle in one such orbital, it is only for Ω = ±
of the (I + j − + I − j + ) term are different from zero.
15

1
that the diagonal matrix elements
2

The projection of the total angular momentum on the nuclear symmetry axis is a
preserved quantum number, which is given by K, see Figure2.5. With no collective
component along this axis, Ω = K. In the presence of a particle coupled to the core, the
full Hamiltonian is given by
H = H rot + H sp

with

H sp

(2.21)

the deformed single-particle Hamiltonian. The eigenvalues are the single-

particle energies
H spφ v = evφ v

(2.22).

And the total energy is obtained as [1]
E IK

1
1 ⎞⎤
h2 ⎡
I+ ⎛
2
= EK +
⎢ I (I + 1) − K + δ K 1 a(− 1) 2 ⎜ I + ⎟⎥
2J ⎣
2 ⎠⎦
⎝
2

(2.23)

1
Here a is called decoupling parameter, which has a fixed value for each Ω = orbital. It
2
is calculated as

a = φ v j+ φ _

v

= φ _ j− φ v
ν

=

∑ (− 1 )
Nj

j−

1
2

1⎞ v
⎛
⎜ j+ ⎟a 1
2 ⎠ N lj 2
⎝

2

2.3.2 Decoupled Bands -Rotation Alignment

In the preceding section, we discussed situations where the rotational mo-lion and the
nuclear deformation are essentially uncoupled. The rotational frequency was not high
enough to break the coupling scheme between the single particle and the core caused by
the intrinsic deformation. If the nucleus rotates very fast, the Coriolis force term in first
16

order perturbation theory is no longer valid. And The Hamiltonian (2.21) can also be
written as
H = H sp +

(

h2 2
I + j 2 + 2Ι ⋅ J
2J 0

)

(2.24)

Figure 2.5: The Two Extreme Coupling Schemes in the Particle-Rotor Model,
Deformation Alignment and Rotation Alignment.

Thus, the principle of minimizing the total energy shows that for a fixed I and j,
the Ι ⋅ J term of the rotor Hamiltonian will align the intrinsic spin j with the total spin I
and will be perpendicular to the nuclear symmetry axis, the 3-axis. There will thus be a
tendency towards a large perpendicular component of j contrary to the deformation
aligned case. And the rotational energy can be written as
E rot = const +

h2
[R(R + 1)]
2J

(2.25)

Where R = I − α describe the collective rotation, α is the spin projection on the rotation
axis.
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2.3.3 Two Particle Excitation and Band Crossing
The collective angular momentum vector, R, is built from of all the paired nucleons, and
none of the wave functions are then strongly disturbed. But for particles in low- Ω highj orbitals, not only odd nucleons but also paired nucleons will align their spin vectors
along the collective spin vector. The maximal aligned spin for the two nucleons in a
pure j -shell is then α 1 = j and α 2 = j − 1 , respectively, leading to a total aligned spin of

α = α 1 +α 2 = 2 j − 1 . With R = I − α , the collective rotational energy is given by
E rot

h2
h2
=
[R(R + 1)] = [(I − α )(I − α + 1)]
2J
2J

(2.26)

The alignment is however accompanied by the breaking of one pair leading to a
configuration with 'two odd particles'. A rough estimate is therefore that the energy cost
for breaking the pairs is approximately twice the odd-even mass difference, 2Δ [1].
Furthermore, the pairing correlations will tend to decrease this energy. So the total energy
with 'two aligned spins'

Erot ≈ 2Δ +

h2
[(I − α )(I − α + 1)] ; I ≥ α
2J

(2.27)

Total spin values smaller than the largest possible aligned spin can be obtained by a
partial alignment with no collective rotation. Provided one pair is broken, this should lead
to an energy E ≅ 2Δ . The resulting 'aligned' band is compared with the ground band in
Figure 2.6. The states having lowest possible energy for given spin are referred to as the
yrast states.
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Figure 2.6: The Ground-Band Energy in An Even-even Nucleus and The Energy of A
Decoupled Band with Two Aligned i13 2 Particles in A ~ 160 Region

2.4

The Cranked Shell Model

At high rotational frequency contributions from aligned single-particles are expected to
be more important, and the fast rotating nuclear system can therefore not be described
within the simple particle-rotor model. The cranked shell model was introduced by D.R.
Inglis in [55], and was further developed by Bengtsson and Frauendorf in [56]. The
model gives a microscopic description of the influence of rotation on single-particle
motion. In this way, the collective angular momentum can be determined through a
summation over the single-particle angular momentum. The rotation is considered as the
rotation vector coinciding with one of the main axes of the nucleus. The nucleons can
19

then be described as independent particles moving in a rotating potential. Further
calculations are then performed in the rotating system. The single-particle cranking
Hamiltonian is defined by

h ' = h − h ω j1

(2.28)

where h is the Hamiltonian in the laboratory system, j1 is the total angular momentum
projection operator onto the rotation axis, and the term hωj1 contains the Coriolis and
centrifugal terms which modify the nucleon orbitals. The Coriolis force acts to align the
angular momentum of the nucleons with the rotation axis. The eigenvalues of this
Hamiltonian are known as Routhians. The total cranking Hamiltonian can be obtained by
summation over all of the independent particles of the system,

H ' = H − hωJ1

(2.29)

The summation over all occupied orbits, i , of the eigenvalues plus a contribution from
the terms hωj1 yields the total energy in the laboratory frame
E tot =

∑

ei =

i

∑

(2.30)

φ i' h φ i'

i

The projection of the total angular momentum onto the rotation axis can be determined
by
J ≈ J1 = ∑ φi' j1 φi'

(2.31)

i

A diagram of the single-particle energy against the rotational frequency is known as a
Routhian plot. The differential of the Routhian, is related to the aligned angular
momentum by
20

j1 = −

∂ei
∂ω

(2.32)

2.4.1 Ultimate Cranker
The theoretical cranking calculation presented in this work are based on program
Ultimate Cranker (UC)[8], which uses monopole paring and a modified oscillator
potential cranked about a principal axis. The program calculates the total potential energy
surface as a function of ε, γ, ω, and ε4. The global and local energy minima in the energy
surface are calculated, and the excitation orbitals involved in the area are also quantified.

2.5

Signature and Parity
A common property in nuclear physics is the invariance of Hamiltonian with

respect to space and time inversions, i.e., the invariance with respect to the parity and the
time-reversal transformations [57]. The time-reversal invariance means that the singleparticle energy levels are doubly degenerate. Further invariance properties depend on the
space symmetry of the nuclear potential. In general, the potential is neither spherically
symmetric nor axially symmetric. However, an important class of nuclear potentials
°

exhibits invariance with respect to rotation through 180 about the three principal axes of
the system. The corresponding rotation operators are given by:

R K = exp( −iπj k )

k =1,2,3

(2.33)

Here k labels the nuclear axes. The cranking Hamiltonian is defined by (2.29), Because
J 1 changes sign under time-reversal, the cranking Hamiltonian is not invariant, and
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therefore the degeneracy of the two signatures is removed. Consequently, the remaining
symmetries are the invariance with respect to space reflection and to the transformation
°

described by the operator R , i. e., rotation through 180 about the 1-axis. Thus any state

υ , which is an eigenstate of the cranking Hamiltonian, can be unambiguously labeled by
parity π (v) and signature r (v) as defined by

r ( v ) = e − iπα (υ )

(2.34)

The quantum number r is called the signature of the state of the cranking
Hamiltonian. However, since the signature exponent α is an additive quantity so that the
total signature exponent is easy to calculate from the individual contributions. Therefore
the signature exponent α is more convenient and often used instead of r . Signature and
parity are two good quantum numbers under rotational motion. In the case of a reflectionasymmetric nucleus, both signature and parity are no longer good quantum numbers. A
combination of both signature and parity known as simplex is, however, still a good
quantum number.

2.6

Triaxial Deformation
The majority of known nuclei have axial symmetry, as such, when considering the

principal axes, there are two equal moments of inertia. Rotation about either of these is
equivalent; rotation about the third axis is quantum mechanically impossible. But
symmetry of most nuclei will break at excited states with higher angular momentum,
thus, when a triaxial shape is adopted, with three distinct moments of inertia (usually
defined such that J1 > J2 > J3), rotation can occur about any of the principal axes.
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Generally, it is very difficult to find direct experimental evidence of triaxiality. Two
unique but substantially different effects of triaxiality are chiral twin bands and the
wobbling mode.

2.6.1 Chiral Twin Bands
Chirality is a property appearing in various places in nature. The chiral rotation is
predicted theoretically to occur in odd-odd nuclei, where the Fermi surfaces of the
neutrons and protons are located in the upper part of a high- j neutron orbital and in the
lower part of a high- j proton orbital, respectively. If the collectively rotating core is
triaxially deformed the angular momentum vector of the neutron hole, in the high- j
orbital will align along the long axis, and that of the proton, along the short axis of the
nuclear shape in order to minimize the interaction energy. By applying the
hydrodynamical moments of inertia the core rotates about the intermediate axis, since this
is energetically most favorable. The three angular momentum of the system will
accordingly be mutually perpendicular and can be arranged in two different systems, a
right-handed and left-handed, only differing by intrinsic chirality, sec Figure 2.7. With R
denoting the angular momentum of the core, and the total angular momentum is given
by I = R + jπ + jυ . The left-handed system cannot be transformed into the right-handed
by rotation alone. Chiral twin bands is expected particularly in odd-odd nuclei in the
A − 130 region. A beautiful selection rule for electromagnetic transitions is recently

obtained theoretically for idealistic chiral pair bands.
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Figure 2.7: Right- and Left-handed Chiral Systems for An Odd-odd Triaxial Nucleus.

2.6.2 Wobbling Mode
The wobbling mode was predicted more than 25 years ago by A. Bohr and B. Mottelson
for an even-even asymmetric nuclear system. [1, p193] The wobbling mode is uniquely
related to the nuclei with stable triaxial deformation that moments of inertia

J x >> J y ≠ J z . Its classical analog is the spinning motion of an asymmetric top. In the
high-spin states, because most of the spin is aligned along one of the principal axes, e.g.,
the x axis, the excitation energy can be separated into the rotation about the principal
axis with the largest moment of inertia and the wobbling motion:

E (I , n w ) =

h2
[I (I + 1)] + hω w ⎛⎜ nw + 1 ⎞⎟
2J x
2⎠
⎝
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[2.35]

where n w is the wobbling phonon number, resulted by the wobbling degree of freedom,
and ω w is the wobbling frequency, which depends on the three moments of inertia with
respect to the principal axes. The wobbling phonon energy is defined as:
hω w = hω rot ( J x − J y )( J x − J z ) /( J y J z )

[2-1]

with hω rot = I / J x . The existence of aligned particles favors a specific (triaxial) shape
depending on the degree of shell filling in the high- j sub-shell, and states with high- j
aligned particles may appear close to the yrast line since the rotational energy required to
build up a certain total angular momentum is relatively small. In this case, in which a
high-j particle is coupled to a triaxial rotor, the energy can be written as

(

h2
1 ⎞ h2
⎛
[I (I + 1)] + hω w ⎜ nw + ⎟ +
E (I , n w ) =
− 2 I x j x + j x2
2 Jx
2 ⎠ 2J x
⎝

)

[2.36]

The energy difference between bands with n w = 1,
E ( I , j ) = hω w + 2 j x

h2
2J x

[2.37]

is larger than in the case of no aligned angular momentum. The wobbling excitation may
r
compete with the familiar cranking-like excitation which will have j tilted away from
the x -axis. These two alternative coupling schemes are illustrated in Figure 2.8. It
produces a unique pattern of electromagnetic transitions between the bands in
competition with the in-band decay, as seen in Figure 2.9. Although the nuclear wobbling
mode was predicted more than 25 years ago, and even-even 164,166Hf were predicted good
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candidates for wobbling mode, evidence for wobbling motion was recently first
discovered in odd-even 161,163,165,167Lu [3,4,5,6].

r
r
Figure 2.8: Coupling Sheme for An Aligned Particle ( j ) and A rotor ( R ) to The Total
r
r r r
Angular Momentum I , Where I = j + R , in (a) The Cranking-like and (b)
The Wobbling Scenario, Respectively.
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Figure 2.9: Schematic Wobbling Pattern in The Absence of Aligned Particles Simulated
with ω wob / ω rot =3

2.7

Angular Distribution and Angular Correlation
The γ rays emitted with different multipolarities have characteristic angular

distributions with respect to the spin axis of the nucleus. The angular distribution effect is
very distinctive and characteristic of the change in magnetic quantum number m , having
a total of 2J + 1 values from − J to J . The angular distribution pattern can be observed
if the ensembles of nuclei have their spins oriented in a common direction with respect to
the beam, otherwise there will be no preferred direction for the emission of γ -rays.
Fortunately, the spins of compound nuclei are usually well aligned in a plane
perpendicular to the beam axis, which makes it possible to measure the angular
distribution of gamma radiation and to further deduce the spins of the states involved.
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For example, in the reaction channel

48

Ca ( 128 Te, 4n), the angular momentum of

the compound nucleus 172Hf has strong spatial alignment in the plane perpendicular to the
beam direction because the orbital angular momentum L = r × p between the incoming
beam particle and the target nucleus is much larger than the spins of beam and target
nuclei. Therefore the direction of L can be determined as illustrated in Figure 2.10. Since
the spin of compound nucleus is determined mainly by L , the compound nucleus will be
formed in a state with m ≈ 0 if the quantization axis is chosen as the beam axis. The
angular momentum carried away by the emitted neutrons is very small compared to that
of the compound nucleus, so that the residual nucleus is left with great alignment.
For each γ transition from initial state J i to final state J f , the angular
distribution function can be represented as [58]:
W (θ ) = 1 + A2 P2 (cosθ ) + A4 P4 (cosθ )

where P2 (cosθ ) and

[2-38]

P4 (cosθ ) are Legendre polynomials, θ is the angle

between the orientations of photon momentum vector and beam direction, and A2 , A4
can be found from [59].
In case of complete alignment, the angular function of equation 2.38 can be
modified as:
W (θ ) = 1 + A2max P2 (cosθ ) + A4max P4 (cosθ )
where Ak = α k Akmax (k=2,4) and α k is an attenuation coefficient.
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[2.39]

Figure 2.10: The Complete Alignment of Compound Nuclei

Compound nuclei in excited states are observed to primarily emit electric dipole
(E1), electric quadrupole (E2) and magnetic dipole (M1). Other higher-order multipole
magnetic and electric radiations are also possible, but with decreasing probability. When
a γ decay of mixed electric and magnetic radiation is emitted, difficulties arise in the
measurement of the angular distribution of this γ radiation. A solution to this problem is
to measure the angular correlation of a pair of cascade gamma rays in coincidence with
each other. For example, two γ rays are emitted sequentially, with γ 1 followed by γ 2 .
Then γ 2 in direction θ 2 shows the angular correlation with respect to γ 1 in direction θ1 .
However this method is somewhat difficult to be conducted practically, because it needs
a lot of coincidences.
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Figure 2.11: Beam-Target-Detector Geometry Used in the DCO Ratio Measurement
A more practical method, the measurement of ratios of directional correlation
from oriented nuclei (DCO ratio), can be used to measure the multipolarity of γ rays. As
illustrated in the Figure 2.11, we place two detectors in two angles: 0 ° and 90 ° with
respect to the beam direction, the data can be used to analyze both decay scheme and the
DCO ratio.
For example, if the detector at 90 ° detects γ 1 , then the angular distribution of γ 2

in coincidence with γ 1 is called the DCO function of γ 2 :
W (γ 1 (90 ° ), γ 2 (θ )) ≅ 1 + A2 P2 (cosθ ) + A4 P4 (cosθ )

[2-40]

This is equivalent to gating on γ 1 and measuring the intensity of γ 2 . When the
detector at 0 o is used as the gate, we get the similar relationship:
W (γ 1 (0 ° ) gate , γ 2 (θ )) ≅ 1 + B2' P2' (cosθ ) + B4' P4' (cos θ )

The DCO ratio of the two γ rays in coincidence is defined as:
30

[2.41]

R(γ 1 , γ 2 ) =

W (γ 1 (90 ° ), γ 2 (0 ° ))

W (γ 1 (0 ° ), γ 2 (90 ° ))

[2-42]

The value of the DCO ratio depends on the multipolarities of the two γ rays of

γ 1 and γ 2 .
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CHAPTER III
THE EXPERIMENT

3.1

The Reaction
The experiment was performed at the ATLAS facility of Argonne National

Laboratory (ANL). The 48Ca (128Te, xn) reactions at a beam energy of 209 MeV was used
to populate the

171

Hf and

172

Hf nuclei. A self-supporting enriched

128

Te target with

~0.5mg/cm2 was covered by (~0.5mg/cm2)Au facing the beam, and (~0.05mg/cm2)Au on
the back. The experiment lasted for about 120 hours, and a total of 2.2 billion γ-ray
coincidence events of three and higher fold were collected. Standard

152

Eu and

56

Co

sources were placed in the target position for energy and efficiency calibrations before
and after the experiment. The 171,172Hf compound nuclei were populated at excited levels
with high energy and high angular momentum. They decay to ground state by emitting a
sequence of γ rays which were detected by Gammasphere array.

3.2

Gammasphere
GAMMASPHERE (Figure 3.1) is a spectrometer array with incomparable

sensitivity to nuclear electromagnetic radiation due to its high resolution, granularity and
efficiency. With its great features, it is the ideal device for studying rare and exotic
nuclear processes. GAMMASPHERE is a National Facility funded by the Department of
32

Energy and constructed at the Lawrence Berkeley National Laboratory with the
participation of other US national laboratories and universities. Now it is relocated at the
Argonne National Laboratory (ANL).
GAMMASPHERE consists of a spherical shell of 110 large volume, high-purity
germanium detectors (HPGe), each enclosed in a bismuth-germanate (BGO) Comptonsuppression shield. This special shield structure is used to detect γ rays Comptonscattered out of the Ge crystal and then electronically suppresses the partial-energy pulse
left in the Ge detector, which increases the peak to background ratio. (Fig 3.2)

Figure 3.1: Gammasphere Spectrometer Array [54]
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The important properties of a γ-ray detector array are: high efficiency in detecting
incident γ rays, high-energy resolution resulting in very narrow photo peaks, high peak to
background ratio (P/B), high granularity to localize individual γ rays and reduce the
probability of pileup. For γ rays in the MeV range, by far the best combination of these
properties is given by semiconductors made of high-purity germanium (Ge) crystals. The
largest such crystals that can currently be produced commercially are cylinders about 10
cm in diameter and 10 cm long which, for about 30% of the incident 1 MeV γ rays,
produce a full-energy peak with a full width at half its maximum height (FWHM) of
about 2 keV.
For a better ratio of full-energy to partial-energy events (called the peak-to-total, or
P/T ratio), the Ge detectors are surrounded by BGO scintillates, detects γ rays Comptonscattered out of the Ge crystal and then electronically suppresses the partial energy pulses
left in the Ge detectors, thus resulting in an improvement in the P/T ratio for a 1.3 MeV γ
ray from about 0.25 for the bare crystal to about 0.6 when suppressed. This is an
enormously important gain in ratio, without which the high resolution, high-fold
coincidence measurements would not be practical. For example, for a typical situation in
GAMMASPHERE experiment when six γ rays hit separate Ge detectors, the fraction of
events with full-energy photo-peaks rises by a factor of about 200 with Compton
suppression. To increase in both efficiency and granularity, such Compton-suppressed γray spectrometers (CSS) are assembled into arrays. The first such array was set up in
Europe and consisted of five detectors whereas GAMMASPHERE consists of 110 Ge
crystals, 70 of which have split Ge crystals, to reduce Doppler broadening, for a total of
34

180 separate Ge detectors.

Figure 3.2: HPGe with BGO Compton-suppression Shields
Totally 100 C.S. Ge detectors in Gammasphere were used in this experiment.
The geometrical distribution of these detectors are listed in Table 3.1,
missing detectors indicated.
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Table 3.1: Gammasphere Detector Angles
Ring
number
1
2

Angle

Detectors

17.27 °
31.72 °

1*,2*,3*,4*,6*,
5*,7,8,9,10*

3
4
5
6
7
8
9
10

37.38
50.07 °
58.28 °
69.82 °
79.19 °
80.71 °
90.00 °
99.29 °

11,12,13,14,16
15,17,18,19,20,21,22,23,24,26
25, 27,28,30,32
29,31,33,34,35,36,37,38,40,42
39,41,44,46,48
43,45,47,50,52
49,51, 53, 54,55*,56,57,58*, 60,62
59,61,64,66,68

11
12
13
14
15
16

100.81 °
110.18 °
121.72 °
129.93 °
142.62 °
148.28 °

63,65,67,70,72
69,71,73,74,75,76,77,78,80,82
79,81,83,84,86
85,87,88,89*,90,91,92,93,94,96
95,97,98, 99, 100
101,102,103,104,106

17

162.73 °

105,107,108,109,110

°

Note: The symbol (*) indicates missing detectors
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CHAPTER IV
OFFLINE DATA ANALYSIS

4.1

The Procedures of Data Analysis
In the offline data analysis, the raw data on computer magnetic tapes were first

transferred to a database on the computer disk by using a sorting program named BDDB,
which was developed at Neils Bohr Institute (NBI). Total of 2.2 billion γ-ray events
(fold>=3) were written to the database. This database contains γ ray multiplicity, detector
IDs and gamma energies. In “thin backing target” experiment, the recoiling nuclei loose
little velocity, coming out of target and fly in the vacuum. The γ-ray energies detected by
each detector must be corrected for the Doppler shift before they are written into database.
Then we use “incub8r” and “4play” programs from RADWARE software packages to
construct a three-dimensional CUBE and a four-dimensional HYBERCUBE for the
analysis of γ-ray coincidence relationship. RADWARE automatic search routine, based
on the idea that the high-spin γ decays belonging to the same rotational band have nearly
equal energy spacing, was used to find the new bands. Totally 15 new bands were found
in

171

Hf and

172

Hf. Seven of them belongs to

171

Hf, and other eight belongs to

identify whether these newly found bands belong to

171,172

172

Hf. To

Hf, coincidence spectra of the

new bands were created and checked with transitions from previously known bands of
171,172

Hf.
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4.2

Radware Software
Most of analysis work is performed with radware software. RadWare is a

powerful, user-friendly software package for interactive graphical analysis of gamma-ray
coincidence data. It is used by many nuclear structure physicists around the world.A few
of the more commonly-used RadWare programs are:
Gf3, a general spectrum manipulation, fitting and analysis program for onedimensional spectra
Xmlev and Xm4dg are very powerful programs for examining, interpreting and
fitting gamma-gamma coincidence three- and four- dimensional cube and hypercube and
deducing level schemes of excited states of nuclei. These programs are tools for
analyzing triple-gamma and quadruple-gamma coincidences, respectively. To give you
some idea of the quantities of data involved, Xm4dg can examine hypercubes of up to 40
billion channels, piece-wise compressed on disk to take a space of anywhere from
200MB to several tens of GB.
SD search routine, a function of Xmlev, which is used to automatically searching
new bands by procedures with proper settings.
Dixie_gls, pedit, plot, plot2ps, and slice are programs used to get further analysis
and graphic works.
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4.3

DCO Ratio Measurement
In order to assign the spins and parities of new bands in

measurement was performed on all transitions of

171

171

Hf, DCO Ratio

Hf. But due to extremely weak

intensity, definitive values cannot be obtained for some high spin transitions and weak
linking transitions. Then DCO ratio were used to determine the γ -ray multipolarity for
spin and parity assignmnent. The γ -ray intensity were also measured The result of both
works is listed in Table 4.1.

Table 4.1 : The DCO Ratios and Intensities of γ Rays in 171Hf
Eγ (keV)

Iγ

Assignment

RDCO

I i π → j jπ

Band A
61.8(2)†

(M1/E2)

9/2+→7/2+

84.1(2)†

(M1/E2)

11/2+→9/2+

98.9(1)

11.5(20)

0.94(5)

M1/E2

13/2+→11/2+

129.4(1)

16.6(8)

0.57(3)

M1/E2

17/2+→15/2+

151.7(2)

9.7(4)

0.59(4)

M1/E2

21/2+→19/2+

159.9(1)

6.6(4)

(M1/E2)

25/2+→23/2+

165.4(2)

4.4(4)

0.47(13)

M1/E2

29/2+→27/2+

170.6(1)

1.3(4)

0.61(25)

M1/E2

33/2+→31/2+

179.4(3)

0.4(4)

(M1/E2)

37/2+→35/2+
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Table 4.1 (continued)
189.9(3)

0.3(2)

(M1/E2)

41/2+→39/2+

183.6(1)

91.8(28)

0.87(4)

E2

13/2+→9/2+

267.1(1)

50.5(18)

1.11(7)

E2

17/2+→13/2+

353.1(1)

56.0(16)

1.15(4)

E2

21/2+→17/2+

438.9(1)

74.4(22)

1.20(3)

E2

25/2+→21/2+

520.9(1)

68.8(21)

1.42(19)

E2

29/2+→25/2+

596.9(1)

69.3(21)

1.14(21)

E2

33/2+→29/2+

665.3(1)

35.5(11)

1.10(7)

E2

37/2+→33/2+

725.7(1)

24.7(8)

1.66(20)

E2

41/2+→37/2+

772.6(1)

17.2(8)

1.12(8)

E2

45/2+→41/2+

783.1(3)

10.0(4)

1.39(13)

E2

49/2+→45/2+

798.8(3)

2.7(4)

1.52(11)

E2

53/2+→49/2+

860.7(2)

2.7(4)

(E2)

57/2+→53/2+

928.0(1)

1.3(4)

(E2)

61/2+→57/2+

990.5(2)

0.9(4)

(E2)

65/2+→61/2+

1043.3(3) 2.2(4)

(E2)

69/2+→65/2+

1090.1(4) 0.1(4)

(E2)

73/2+→69/2+

Band B
137.2(2)

0.3(1)

0.61(3)

M1/E2

15/2+→9/2+

203.6(2)

17.1(8)

0.42(4)

M1/E2

19/2+→17/2+
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Table 4.1 (continued)
279.0(2)

12.0(8)

(M1/E2)

23/2+→21/2+

354.5(3)

8.8(8)

(M1/E2)

27/2+→25/2+

426.7(1)

3.6(8)

(M1/E2)

31/2+→29/2+

487.1(2)

4.5(8)

(M1/E2)

35/2+→33/2+

536.0(3)

1.7(4)

(M1/E2)

39/2+→37/2+

572.5(5)

5.2(2)

(M1/E2)

43/2+→41/2+

145.5(1)

15.2(38)

0.91(19)

E2

11/2+→7/2+

235.5(2)

35.2(24)

1.00(7)

E2

15/2+→11/2+

333.6(1)

40.0(12)

1.04(4)

E2

19/2+→15/2+

47.4(14)

427.0(5)

(E2)

23/2+→19/2+

515.2(2)

49.5(15)

1.13(4)

E2

27/2+→23/2+

592.2(2)

43.0(13)

1.17(8)

E2

31/2+→27/2+

658.0(2)

29.0(9)

1.14(5)

E2

35/2+→31/2+

714.1(2)

19.6(6)

0.95(5)

E2

39/2+→35/2+

762.8(2)

12.1(4)

1.07(4)

E2

43/2+→39/2+

809.5(3)

6.3(8)

(E2)

47/2+→43/2+

860.9(4)

2.9(8)

(E2)

51/2+→47/2+

907.8(5)

2.0(8)

(E2)

55/2+→51/2+

961.2(5)

1.1(8)

(E2)

59/2+→55/2+

1004.5(5)

1.1(8)

(E2)

63/2+→59/2+
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Table 4.1 (continued)
Band H
92.6(2)

3.8(38)

1.52(12)

M1/E2

7/2−→5/2−

139.6(2)

0.3(4)

0.66(4)

M1/E2

11/2−→9/2−

180.1(1)

0.6(4)

0.55(5)

M1/E2

15/2−→13/2−

213.6(3)

0.5(8)

0.79(5)

M1/E2

19/2−→17/2−

235.8(1)

0.3(5)

0.57(3)

M1/E2

23/2−→21/2−

254.4(1)

0.2(5)

(M1/E2)

27/2−→25/2−

276.0(3)

0.5(4)

M1/E2

31/2−→29/2−

291.0(5)

0.2(5)

(M1/E2)

35/2−→33/2−

296.5(3)

0.2(4)

(M1/E2)

39/2−→37/2−

255.8(1)

0.3(0)

0.96(3)

E2

11/2−→7/2−

342.1(1)

0.7(4)

1.53(29)

E2

15/2−→11/2−

410.3(1)

3.0(7)

1.00(4)

E2

19/2−→15/2−

461.1(1)

2.8(4)

1.08(3)

E2

23/2−→19/2−

497.3(2)

1.6(4)

1.06(12)

E2

27/2−→23/2−

526.9(1)

2.5(4)

1.08(9)

E2

31/2−→27/2−

557.4(2)

2.5(4)

1.30(13)

E2

35/2−→31/2−

598.9(2)

2.3(4)

(E2)

39/2−→35/2−

654.6(2)

0.8(4)

(E2)

43/2−→39/2−

718.2(1)

1.1(4)

(E2)

47/2−→43/2−

0.58(7)
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Table 4.1 (continued)
784.5(3)

0.9(4)

(E2)

51/2−→47/2−

848.8(2)

0.9(4)

(E2)

55/2−→51/2−

910.0(3)

0.2(4)

(E2)

59/2−→55/2−

971.1(4)

0.1(4)

(E2)

63/2−→59/2−

1014.4(4) 0.1(4)

(E2)

67/2−→63/2−

1045.1(4) 0.6(4)

(E2)

71/2−→67/2−

1065.1(4) 0.1(4)

(E2)

75/2−→71/2−

Band G
116.3(4)

2.0(4)

0.72(3)

M1/E2

9/2−→7/2−

161.6(2)

2.2(4)

0.56(3)

M1/E2

13/2−→11/2−

224.6(2)

0.8(0)

1.08(13)

M1/E2

21/2−→19/2−

241.4(2)

0.3(4)

(M1/E2)

25/2−→23/2−

253.3(2)

0.8(4)

0.56(6)

M1/E2

29/2−→27/2−

266.2(2)

0.3(4)

0.85(5)

M1/E2

33/2−→31/2−

302.2(2)

0.3(4)

0.98(3)

M1/E2

37/2−→35/2−

208.8(1)

2.1(5)

0.83(6)

E2

9/2−→5/2−

301.6(2)

1.0(4)

(E2)

13/2−→9/2−

378.8(1)

0.7(4)

1.05(7)

E2

17/2−→13/2−

437.8(2)

1.6(4)

1.11(4)

E2

21/2−→17/2−

477.9(3)

1.6(8)

1.29(7)

E2

25/2−→21/2−
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Table 4.1 (continued)
506.4(3)

1.8(4)

1.06(6)

E2

29/2−→25/2−

542.3(3)

1.5(8)

1.07(8)

E2

33/2−→29/2−

593.7(3)

2.3(9)

1.10(5)

E2

37/2−→33/2−

650.3(2)

0.9(4)

0.79(8)

E2

41/2−→37/2−

705.7(2)

1.0(4)

(E2)

45/2−→41/2−

762.3(1)

0.3(4)

(E2)

49/2−→45/2−

821.4(3)

0.6(4)

(E2)

53/2−→49/2−

876.4(3)

0.3(4)

(E2)

57/2−→53/2−

943.0(5)

0.2(4)

(E2)

61/2−→57/2−

988.7(5)

0.2(4)

(E2)

65/2−→61/2−

Band E
79.7(1)

14.1(6)

5/2−→1/2−

174.6(1)

60.0(30)

0.82(3)

E2

9/2−→5/2−

258.0(1)

83.3(28)

0.92(8)

E2

13/2−→9/2−

329.6(2)

89.0(28)

1.01(7)

E2

37/2−→35/2−

389.1(1)

88.4(28)

1.04(11)

E2

21/2−→17/2−

439.8(1)

84.9(28)

1.09(7)

E2

23/2−→19/2−

485.0(1)

80.2(30)

1.11(8)

E2

29/2−→25/2−

526.9(1)

67.3(22)

1.12(9)

E2

33/2−→29/2−

570.1(1)

53.0(20)

1.10(4)

E2

37/2−→33/2−
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Table 4.1 (continued)
619.7(2)

36.8(16)

676.7(2)

1.16(18)

E2

41/2−→37/2−

29.1(12)

(E2)

45/2−→41/2−

736.7(2)

20.0(8)

(E2)

49/2−→45/2−

797.7(2)

8.2(8)

1.15(6)

E2

53/2−→49/2−

858.4(2)

6.4(8)

0.96(21)

E2

57/2−→53/2−

918.8(2)

2.0(4)

1.34(37)

E2

61/2−→57/2−

978.0(2)

1.0(4)

(E2)

65/2−→61/2−

1034.9(2) 0.8(4)

(E2)

69/2−→65/2−

1076.0(2) 0.6(4)

(E2)

73/2−→69/2−

1097.0(2) 0.3(4)

(E2)

77/2−→73/2−

1133.4(2) 0.3(4)

(E2)

81/2−→77/2−

1162.2(2) 0.2(4)

(E2)

85/2−→81/2−

Band E fork
359.7(2)

3.2(4)

784.4(2)

1.06(25)

(E2)

(51/2−) →(49/2−)

2.2(7)

(E2)

(55/2−) →(51/2−)

829.1(2)

4.1(7)

(E2)

(59/2−) →(55/2−)

868.5(2)

1.6(6)

(E2)

(63/2−) →(59/2−)

Band F
66.4(9)

3.8(8)

153.6(2)

1.5(6)

0.93(10)

(M1/E2)

3/2−→1/2−

M1/E2

7/2−→5/2−
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Table 4.1 (continued)
230.4(3)

2.2(4)

1.06(7)

M1/E2

11/2−→9/2−

300.3(4)

1.1(4)

1.02(11)

M1/E2

15/2−→13/2−

366.8(4)

1.7(4)

(M1/E2)

19/2−→17/2−

431.8(5)

1.7(4)

(M1/E2)

23/2−→21/2−

498.0(4)

1.1(4)

(M1/E2)

27/2−→25/2−

566.7(4)

5.4(4)

M1/E2

31/2−→29/2−

646.0(5)

3.0(4)

(M1/E2)

35/2−→33/2−

165.3(1)

20.0(9)

0.86(10)

E2

7/2−→3/2−

252.8(1)

16.3(4)

0.93(8)

E2

11/2−→7/2−

329.1(1)

12.3(8)

1.07(8)

E2

15/2−→11/2−

395.1(1)

17.2(8)

(E2)

19/2−→15/2−

453.1(1)

16.9(8)

1.01(10)

E2

23/2−→19/2−

506.1(1)

17.4(8)

1.06(11)

E2

27/2−→23/2−

555.9(1)

15.2(8)

1.14(3)

E2

31/2−→27/2−

602.6(1)

23.1(7)

1.01(8)

E2

35/2−→31/2−

641.5(1)

10.2(3)

1.13(16)

E2

39/2−→35/2−

679.9(1)

10.7(8)

1.08(17)

E2

43/2−→39/2−

734.0(2)

6.4(8)

1.17(17)

E2

47/2−→43/2−

793.4(3)

3.5(8)

(E2)

51/2−→47/2−

860.0(5)

1.4(8)

(E2)

55/2−→51/2−

916.5(8)

0.9(4)

(E2)

59/2−→55/2−

1.07(18)
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971.0(8)

0.6(4)

(E2)

63/2−→59/2−

1016.0(8) 0.3(4)

(E2)

67/2−→63/2−

Band X1
683.2

3.6(7)

0.94(2)

E2

45/2−→41/2−

738.3

4.4(8)

0.97(2)

E2

49/2−→45/2−

786.7

4.4(8)

0.88(2)

E2

53/2−→49/2−

831.2

4.2(6)

1.11(3)

E2

57/2−→53/2−

870.4

2.1(5)

0.99(4)

E2

61/2−→57/2−

921.3

1.0(3)

1.06(3)

E2

65/2−→61/2−

981.4

0.7(3)

1.00(5)

E2

69/2−→65/2−

1038

0.5(4)

1.01(7)

E2

73/2−→69/2−

1088

0.2(2)

(E2)

77/2−→73/2−

1114.1

0.1(1)

(E2)

81/2−→77/2−

356.7

1.8(4)

0.89(5)

M1/E2

41/2−→41/2−

362.3

0.9(3)

0.97(5)

M1/E2

45/2−→45/2−

361.7

0.9(3)

1.02(4)

M1/E2

49/2−→49/2−

349

0.3(1)

1.58(16)

M1/E2

53/2−→53/2−

978

0.91(10)

M1/E2

41/2−→37/2−

1040

0.98(5)

M1/E2

45/2−→41/2−

1100

0.81(9)

M1/E2

49/2−→45/2−

(M1/E2)

53/2−→49/2−

1148
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1180

(M1/E2)

57/2−→53/2−

Band X3
457(1)

0.1(1)

(M1/E2)

33/2+→31/2−

598.2(1)

0.2(1)

1.00(4)

E2

37/2+→33/2+

606.9(1)

0.3(4)

1.00(2)

E2

41/2+→37/2+

648.9(1)

0.4(4)

0.99(3)

E2

45/2+→41/2+

756.9(2)

1.2(4)

1.03(4)

E2

49/2+→45/2+

846.9(2)

0.7(2)

0.92(3)

E2

51/2−→47/2−

268

2.0(2)

(E2)

41/2+→41/2+

388

1.7(1)

M1/E2

37/2+→37/2+

342

0.2(2)

M1/E2

45/2+→43/2+

458

0.2(2)

0.46(6)

E1

41/2+→39/2+

567

0.3(1)

0.74(8)

E1

37/2+→35/2+

1023

0.4(2)

E2

(53/2+)→49/2+

899

4.5(3)

1.10(7)

E2

49/2+→45/2+

916

3.0(4)

1.01(5)

E2

45/2+→41/2+

995

2.0(2)

0.98(5)

E2

41/2+→37/2+

1055

2.0(2)

0.99(6)

E2

37/2+→33/2+

1.11(4)

Band X4
908.8(2)

0.7(3)

907.8(2)

0.6(3)

0.99(2)

E2

(53/2+→49/2+)

E2

(57/2+→53/2+)
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Table 4.1 (continued)
971

0.6(4)

0.90(6)

E2

(57/2+→53/2+)

995

0.3(3)

1.05(4)

E2

(65/2+→61/2+)

972

0.3(3)

E2

(61/2+→57/2+)

952

0.1(1)

(E2)

(73/2+→69/2+)

Band X2
554

0.3(2)

(E2)

37/2−→33/2−

608

1.1(4)

0.89(3)

E2

41/2−→37/2−

652

0.6(3)

1.10(5)

E2

45/2−→41/2−

712

0.4(3)

0.99(3)

E2

49/2−→45/2−

787

1.2(3)

0.90(3)

E2

53/2−→49/2−

856

0.8(3)

1.00(3)

E2

57/2−→53/2−

926

0.4(2)

0.91(6)

E2

61/2−→57/2−

990

0.3(2)

0.95(6)

E2

65/2−→61/2−

1045

0.1(1)

(E2)

69/2−→65/2−

1084

0.1(1)

(E2)

73/2−→69/2−

440

1.02(2)

1048

0.51(11)

E1

0.72(3)

E1

838

1.5(3)

Band X5
843.3(3)

0.3(1)

0.96(3)

E2

55/2−→53/2+

897.2(2)

0.3(1)

1.01(6)

E2

59/2−→55/2+
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Table 4.1 (continued)
962.3(3)

0.2(1)

0.95(5)

E2

63/2−→59/2+

1018.5(3) 0.1(1)

0.89(5)

E2

67/2−→63/2+

1054.0(3) 0.1(1)

1.11(11)

E2

71/2−→67/2+

SD
568

0.7(1)

0.34(15)

(E2)

43/2+→(39/2+)

560.4

1.9(2)

0.91(10)

E2

47/2+→43/2+

627.4

6.1(3)

1.08(8)

E2

51/2+→47/2+

680

8.1(4)

0.97(7)

E2

55/2+→51/2+

737

7.0(4)

0.99(9)

E2

59/2+→55/2+

796

6.3(3)

0.98(8)

E2

63/2+→59/2+

856

5.3(4)

0.91(10)

E2

67/2+→63/2+

914

4.4(4)

1.03(15)

E2

71/2+→67/2+

972

3.5(6)

0.90(9)

E2

75/2+→71/2+

1026

2.8(5)

0.95(5)

E2

79/2+→75/2+

1079

1.8(4)

1.04(8)

E2

83/2+→79/2+

1130

1.2(3)

0.92(9)

E2

87/2+→83/2+

1183

0.5(2)

1.05(13)

E2

91/2+→87/2+

1235

0.5(2)

0.93(14)

E2

95/2+→91/2+

1293

0.3(1)

(E2)

99/2+→95/2+

1349

0.1(1)

(E2)

103/2+→99/2+

1406

0.1(1)

(E2)

107/2+→103/2+
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Table 4.1 (continued)
1117

0.9(1)

0.51(2)

E1

47/2+→45/2−

1234

0.5(2)

0.53(3)

E1

43/2+→41/2−

1.1(4)

(E1)

(39/2+)→37/2−

1288
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CHAPTER V
PREVIOUS WORK
The level scheme of

171

Hf from previous study [38], is presented in Figure 5.1.

The scheme contains the collective rotational bands, based on the neutron [633]7/2,
[512]5/2 and [521]1/2 configurations. Decays of the K = 19/2 and K = 23/2 isomeric
states are not included since they are irrelevant to our current research on high spin
rotational bands. A short sequence decaying into [521]1/2, and another decaying into
[633]7/2 band, are extended to higher spins in our work.
The previous known level scheme of
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172

Hf [37] will be presented In Figure 5.2.

53
Figure 5.1 Known Level Scheme of 171Hf [38]

Figure 5.2 Known Level Scheme of 172Hf [37] in Panel [A] and [B].
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Figure 5.2 (Continued): panel B.

.
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CHAPTER VI
ED AND ND BANDS OF 171HF

6.1

Introduction
In this section we will discuss the new bands of

171

Hf observed in the present

experiment. Figure 6.1 shows the level scheme from the current work. A total of six new
bands were founded, one is identified as ED ( with Enhanced Deformation) band, which
is marked as ED in Figure.6.1. The other five bands are considered as ND bands, which
are marked as X1, X2, X3, X4, and X5 in Figure 6.1. These bands have been linked to
known low spin structures, The spin and parity assignments of these new bands are
considered

reliable,

except

that

the

assignment
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of

X5

remains

uncertain.

Figure 6.1: Partial New Level Scheme of 171Hf without High-K bands in [A] and [B]
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Figure 6.1 (Continued) (B)
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6.2

ED Structure
In this section we discuss the determination of spin and parity of the ED band

observed in the present experiment. Further analysis of the configuration of the ED
structure will be presented in Chapter 8.
6.2.1 ED Band

Spectrum obtained from Radware hypercube in Figure 6.2.1 displays the triple
coincidence spectra gated on in-band transitions. The upper panel displays the high spin
part of the band and the decay out transitions, while lower panel display the lower part
and transitions of the coincident ND (normal deformed ) band. This band consists of 18
transitions. The energy of each transition has almost equal increment to prior one, and the
energy increment is in the range of 50-60 keV. The intensity of this band is 1.4(1)%
relative to the total population of the reaction channel. The measured DCO ratios of inband transitions up to spin 91/2 are consistent with stretched E2 character. Band ED
decays to the [521]1/2- sequence through several, one-step, high-energy dipole
transitions, and to the [633]7/2+ band through more complex multi-step pathways. The
DCO ratios of the 1117 and 1235 keV linking transitions were extracted from DCO
spectra gated on E2 transitions in the [521]1/2- band. The values are 0.51(4) and 0.53(6),
respectively, consistent with stretched dipole transitions. There is a small probability that
the two γ rays could correspond to Δ I=0, M1 transitions with strong E2 admixtures,
since this would result in similar DCO values. In this case, however, stretched E2
transitions depopulating each level would be more competitive because of the energy
factor. Such stretched E2 transitions are not observed. In addition, this scenario would
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make the excitation energy of band ED too high above other ND bands to account for its
strong population. Therefore, such a possibility can be ruled out. Furthermore, we assign
positive parity to band ED because the linking transitions probably have an E1
multipolarity. An M1 transition of such high energy would be expected to exhibit an E2
admixture, resulting in a larger DCO ratio. As a result, band ED has a parity and
signature (π , α ) = (+,-1/2) . The linking transitions from band ED to the [633]7/2+ cascade
include 653.4, 612.4, 577.0, and 568.4 keV γ rays. The positions of the first three of these
transitions shown in the level scheme should be regarded as tentative since the full decay
pathways could not be established. The 568.4 keV γ ray decays to a level tentatively
suggested as 39/2+, feeding the [633]7/2+ band as well as the [521]1/2- band through the
1288.2 keV transition. Unfortunately, no reliable DCO ratios could be extracted for these
two weak γ rays.
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Figure 6.2.1: Triple-gated Spectrum of ED Band in 171Hf.
The gate list includes all members of ED band.
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6.2.2 Linking Transitions

In order to determine the positions of this linking transition, first we can get
spectrum in figure 6.2.2. There are some band members of band E visible in the spectrum
with spin up to 49/2− (738 keV), therefore ED band probably decays to this level around.
But it is uncertain since there are 738 keV and 683 keV transition in ED band, which are
close to 737 keV and 678 keV in band E. So we again gated on 678,621, and 1117 keV,
and the spectrum (Fig.6.1.14b) we get shows us the 627 keV transition, but no 560 keV
transition, which suggests that ED band decays out from 47/2+ (ED). We double gated
738, and 738 keV, but the spectrum (Fig6.2.3c) shows nothing, which indicates the feedin level is below 49/2−. Then we gated on 678, 680, and 738 keV. This set of gates with
678 keV and 680 keV can skip both transitions,678 keV, and 738 keV, which will bring
in uncertainty, since one of 738 keV has been ruled out from last round. The spectrum(
Fig.6.2.3d) has 627, and 1117 keV peaks, which means the 1117 keV linking transition is
positioned from 47/2+ (ED) to 45/2−(band E).
After the confirmation of 1117 keV linking transition, we try to add one more
linking transition from 43/2+ (ED) to 41/2−(band E), which has 1234 keV. And it is
visable on figure 6.2.2. But we need consider the possible dirty counts from high spin inband transition 1235 keV. Now we first gated on low spin transitions of ED band, and get
figure 6.2.4. From Figure 6.2.4, the peak of 1234 keV is significant stronger, and the
number of counts is much larger than those of transition 1183 keV, which should have a
similar intensity of peak 1234 keV (95/2+→91/2+). This indicates that this peak is not
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from the high spin in-band transition 1234 keV, but from the linking transition between
43/2+ (SD) and 41/2− (E).

Figure 6.2.2: E1 Linking Transitions from ED Band to [521] 1/2 Band
Stretched E1 transitions , 1117, 1234, and 1288 Kev, from ED band to
[521] 1/2 band . The spectra are all triple gated. The statistics of 1288 keV
is low, but the peak is still visible.
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Figure 6.2.3: Verification of Linking Transition 1117 keV
a/b/c/d/ show the process verifying the 1117 keV linking transition, from
47/2+ (ED) to 45/2− [521]1/2).
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Figure. 6.2.4: Verification of Linking Transition 1234 keV

6.3

ND Structures

6.3.1 X1 band

X1 band is not a complete new band. After investigation, the transitions of the
short sequence decays in [521]1/2- in previous work [38](figure 5.2) are part of this band,
band members or linking transitions. X1 Band consists of ten transitions. A triple gated γray spectrum is shown in figure. 6.3.1. The spins and parities of levels in this band have
been assigned from 41/2− to 81/2− based the DCO ratio measurement for band members
and linking transitions. This band has been linked to [521]1/2 structure, and nine linking
transitions have been found (Figures 6.3.2, 6.3.3). In order to determine the positions of
these linking transitions, first we gate on a strong linking transition, e.g. 1040 keV, and
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some band members, we can get spectrum in figure 6.3.4a. There are some band
members of band E visible in the spectrum with low spin up to 41/2− (621.4 keV), so the
linking transition probably decays to this level. And when we gate on low spin transitions
in band E and linking transition 1040 keV, we can observe 738.3 keV and above
transitions in X1 band in spectrum of figure 6.3.4b. So we can link level 45/2− in band
X1 to level 41/2− by this transition. And in order to confirm this result, we gate on 683.2
keV, one step lower transition than 738.3 keV, and 621.4 keV, but no1040 keV transition
found in this case, neither on 738.3keV and 678.2 keV, one step higher transition than
738.3 keV. And spectrum in Figure 6.3.4d gated on 1040/738/621 keV shows transitions
in both bands clearly. The same process has been performed to other linking transitions.
The DCO ratio of linking transitions and in-band members have been measured,
and included in table 4.1. The DCO ratios of 1148 keV, 1100 keV, and 1040 keV are all
around 1, which suggests they are E2 transitions. And the DCO ratios of 349 keV, 361
keV, and 356 keV are also around 0.9~1.0, which indicates they are M1/E2 transitions as
well. But 1148 keV and 349 keV transitions have ∆I=2 difference, which suggests 1148
keV transition is stretched E2 transition, and 349 keV is ∆I=0 E2 transition. From the
analyses above, we strongly suggest X1 band has negative parity and spin assigned
assigned from 41/2− to 81/2−.
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Figure 6.3.1: Triple-gated spectrum of X1 band in 171Hf，X1_a list includes all
the members of X1 band.

Figure 6.3.2: ΔI=1 M1/E2 Linking Transitions from X1 Band to [521] 1/2
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Figure 6.3.3: Stretched E2 Linking Transitions from X1 Band to [521] 1/2
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Figure 6.3.4: Verification Process for Linking Transition, 1040 keV from Band X1 to
[521]1/2 Band
The verification process for the linking transition, 1040 keV, from 41/2−
(X1) to 37/2− ([521]1/2) in panel a/b/c/d/e from bottom to top.
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6.3.2 X2 band

X2 band is a new band observed in current work. X2 Band consists of 11 ΔI=2 E2
transitions. A triple-gated γ-ray spectrum is shown in Figure 6.3.5. The spins and
parities of the levels in this band have been assigned from 33/2− to 73/2− based on DCO
ratio measurement of linking transitions and in-band transitions. There are 4 linking
transitions have been found (see figure 6.3.6). And Rdco of the strong decay out
transitions, 838 keV from 49/2− to 47/2+ and 1048 keV from 41/2− to 39/2+ have been
measured to be 0.51 ± 11 and 0.72 ± 3, which suggest that they are E1 or M1 transitions.
If they were M1 transitions, the decays from X2 to band A will be E2 transitions, which
will be more dominated than these decay to band B. However none of these stronger E2
transition were observed. So this scenario is ruled out. The E1 situation is more
favorable. And if they are ∆=0 E1 decays, then 440 keV transition will be ∆I=2 stretched
M2 transition, which is extremely unlikely. So 838 keV and 1048 keV are assigned as
stretched E1 transitions, and suggests the negative parity for the X2 band. The strongest
linking decay-out γ-ray is transition with 838 keV, which is the best candidate for the
linking procedure.
In order to determine the positions of this linking transition, first we can get the
spectrum in figure 6.3.7a. There are some band members of band B visible in the
spectrum with low spin up to 47/2+ (810 keV), so the linking transition probably decays
to this level. And when we gate on low spin transitions in band B and linking transition
838 keV, we can observe 787.3 keV and above transitions in X2 band in spectrum of
figure 6.3.7b. So we can link level 49/2− in band X2 to level 47/2+ in band B by this
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transition. And in order to reassure this result, we gate on 712.2 keV, one step lower
transition than 787.3 keV, and 810 keV, but no 838 keV transition is found in this case,
neither on 787.3keV or 863.2 keV, which is one step higher transition than 810.3 keV.
And the spectrum in Fig.6.3.7d gated on 838/810/787 keV shows transitions in both

Figure 6.3.5: Triple-gated Spectrum of X2 Band in 171Hf

bands clearly. The same process has been performed on other linking transitions.
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Figure. 6.3.6: Stretched E1 Linking Transitions from X2 Band to [633] 7/2

Figure 6.3.7: Verification Process for Linking Transition, 838 keV, from 49/2− (X3) to
47/2+([633]7/2
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6.3.3 X3 Band

X3 Band is a brand new band observed in current work. X3 band contains five Δ
I=2 E2 transitions. A triple-gated γ-ray spectrum is shown in Figure 6.3.8. The spins and
parities of this band have been assigned from 33/2+ to 73/2+ based on DCO ratio
measurement of linking transitions and band members. There are nine linking transitions
have been found (Figure.6.3.9). The DCO ratio of the strongest linking transitions 899,
916, and 995 keV are around 1,which indicates they are E2 transitions. Also the DCO
ratios of transitions 456 keV and 567 keV decay to band B are 0.47(6) and 0.74(8)
suggest they are M1 transitions. The decays of 899 keV, 916 keV, and 995 keV are
stretched E2 transitions. The X3 band is positive parity band.
In order to determine the decay-out and feed-in positions of these linking
transitions, first we gate on a strong linking transition, for instance 916 keV, and some
band members, we can get spectrum in figure 6.3.10a. There are some band members of
band A visible in the spectrum with low spin up to 41/2+ (727.4 keV), so the linking
transition probably decay to this level. And when we gate on low spin transitions in band
A and linking transition 916 keV, we observe 757 keV and above transitions in X2 band
and X4 band in spectrum of figure 6.3.11b. So we can link level 45/2+ in band X2 to
level 41/2+ by this transition. In order to reassure this result, we gate on 649 keV, one
step lower transition than 757 keV, and 727 keV, but no 916 keV transition is found in
this case, neither on 757 keV and 774 keV, one step higher transition than 727 keV. And
spectrum in Figure.6.3.12d gated on 916/757/727 keV shows transitions in both bands
clearly. The same process has been performed to other linking transitions.
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Figure 6.3.8: Triple-gated Spectrum of X3 Band in 171Hf
A list includes all members of X3 band.
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Figure 6.3.9: Stretched E2 Linking Transitions from X3 Band to [633] 7/2
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Fig. 6.3.10: ΔI=1 M1/E2 Linking Transitions from X3 Band to [633] 7/2
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Figure. 6.3.11: ΔI=0 M1/E2 Linking Transitions from X3 Band to [633] 7/2

79

Figure 6.3.12: The Verification Process for Linking Transition, 916 keV, from 45/2+
(X3) to 41/2+ ([521]1/2)
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6.3.4 X4 Band

X4 Band is a new band. X4 band is a short sequence of four ΔI=2 E2 transitions.
A triple-gated γ-ray spectrum is shown in Figure 6.3.13. The spins and parities of this
band have been assigned from 53/2+ to 69/2+ based on DCO ratio measurement of linking
transitions and band members. There are two linking transitions have been found (Figure
6.3.13), and the decay out transitions are 909 keV, and 970 keV ΔI=2 E2 γ-rays. DCO
ratio Rdco of 909 keV transition from 53/2+ to 49/2+ has measured to be around 1 that
indicates it is a ΔI=2 E2 transition, and suggests the positive parity of X4 band. In order
to determine the decay-out and feed-in positions of these linking transitions and band
members, first we investigate the intensities and DCO ratios ,we consider 995keV and
953 keV transitions have relatively higher spins than others. Then we double gated on
both of them ,we can see all transitions, and as do we when we gate on 996 keV and 971
keV [Figure 6.3.14]. But one 970 keV transition is still visible when we gate on 971
keV, which means there are two transitions close to 970 keV. After we gate on both of
970 keV, all the transitions of band members and low spin X3 and 633[7/2] are still there
except 909 keV, which suggest the bi-fork shape underneath 971keV. Then we gate on
the other branch of 909 keV and 971 keV, this time the other 970 keV and 847 keV of X3
band disappears, but one more 908 keV appears meaning the 971 keV and 909 keV
branches decays into level 49+ of X3 through 908 keV transition.
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The list X4_a includes all members of X4 band.

Figure 6.3.13: Triple-gated Spectrum of X4 Band in 171Hf

Figure. 6.3.14: Stretched E2 Linking Transitions from X4 Band to [633] 7/2
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6.3.5 X5 band

X5 Band decays to X3 band through ΔI=1 M1/E2 transitions. This band has four
band members, with transition energies 896, 962, 1018, and 1054 keV.(Fig. 6.3.15) This
band is shorter and weaker than other new normal deformed bands. First, when it was
found, it was considered as the partner of band X2, but DCO ratio measurement gave us
another thought. The spins and parities of this band have been assigned from 55/2+ to
71/2+ after DCO ratio measurement of linking transitions and band members. There is a
one linking transition which has been found (Fig.6.3.16), and the decay out transition is
844 keV ΔI=1 M1/E2 γ-ray from 55/2+ to 53/2+ in X3 band.. DCO ratio Rdco of 844 keV
transition has been measured to be 0.86 ± 9, which indicates a ΔI=1 M1/E2 charactor, and
suggests the positive parity of X5 band. Initially, we thought it is part of band X3, but
then we found that the DCO ratio of transition 844 keV was not close to 1, which
indicates it might not be an pure E2 transition.
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Figure 6.3.15: Triple-gated Spectrum of X5 Band in 171Hf.
The list X5_a Includes all the members of X5 band.

Figure 6.3.16: ΔI=1 M1/E1 Linking Transitions from X5 Band to X3 Band.
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Figure 6.3.17: Verification for Linking Transition, 844 keV, from X5 Band to X3 Band
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CHAPTER VII
SD AND ND BANDS OF 172HF

7.1

Introduction
In this section we will discuss the new bands of

172

Hf observed in the present

experiment. Figure 7.2 exhibits current work with new bands added to the level scheme.
There are total of eight new bands observed, three of them are considered as SD bands,
which are marked as SD1, SD2, and SD3 in Figure.7.2. The spectra in Figure 7.3 displays
the band members of these bands. Two others are possible SD candidates (Band 4, 5), but
need further investigation, and they will not be discussed in this section. Furthermore,
there are other normal deformed bands. None of which are linked to known low-laying
ND bands. Thus the spin and parity of these bands are uncertain. In this chapters, we will
only discuss the details of coincidence relationships for each SD band of
incomplete linking work.
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172

Hf up to

Figure 7.1: Partial Level Scheme of 172Hf
Spin/parity assignments for new bands are tentative, see text for more
discussion.
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Figure 7.2: The Spectra of SD Bands in 172Hf. SD1, SD2, SD3

7.2

SD Structure

7.2.1 SD1 Band

This band consists of 13 in-band transitions. Each transition has almost equal
increment to prior decay, and the increment is in the range of 50-60 Kev. Figure 7.4
displays the double coincidence spectra gated on in-band transitions. Figure 7.4a is for
low spin, and figure 7.4b is gated on higher spin. Figure 7.7 displays al the band members,
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triple gated on long list a (check note). Figure 7.8 is used to show the in coincidence
relationship of band members, and a, b, c are all triple gated. Due to weak transition
intensity, we use two figures to show lower spin transitions and higher transitions.
In figure 7.4a, we double-gate on a list includes 776Kev, 813Kev and 858Kev. Since
we used a list, we still can observe these three decays in the diagram. Meanwhile in
figure 6.4b, we used transition 1139Kev and 1203Kev as gates, so these two transitions
are invisible. For high spin transitions, if we use a short gate list, we cannot get satisfying
results duo to low statistic.
In figure 7.5, we used a long gate list to produce a triple-gated spectrum. All thirteen
band decays are very clear and sharp. We also observe decays of GS band and band AF,
so TSD1 band possibly decayed to band AF.
Figure 7.6 shows three double-gated spectra, which gate on different transitions
compare to each other. The band members, except gate transitions, show up in each
diagram, and the spectra are very clean, no other dirty transitions from other bands. This
means these decays are in coincidence with each other, and they are in an identical band.
But unfortunately, this band has not been successfully connected to known structure.
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Figure 7.3: The γ -ray Spectrum of SD1 Band

a) Double gated on list of three decays of lower part of the band
b) Double gated on list of three decays of higher part of the band

91

92
The gate list includes 776, 813, 858, 961, 1018, 1079, and 1203Kev transitions Note: Transitions
from GS Band are marked by asterisk Transitions from band 8 are marked by cross

Figure 7.4 : Triple-gated γ-ray Spectrum of SD1 Band.

Figure 7.5: Triple-gated γ -ray Spectra of SD1
.
7.2.2 SD2 Band

This band consists of 11 decays, but two on top are tentative. Like SD1, each
transition has almost equal increment to prior decay, and the increment is in the range of
50-60 Kev. Figure 7.7 displays the double coincidence spectra gated on in-band
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transitions. Figure 7.7a is for low spin, and figure 7.7b is gated on higher spin. Figure 7.8
displays all the band members, triple gated on a long list a (check note). Figure 7.9 is
used to show the in coincidence relationship of band members, and a, b, c are all triple
gated. Due to the low statistics, we use two figures separately to show lower spin
transitions and higher transitions.
In figure 7.7a, we double-gate on a list includes 793.8Kev, 932.3Kev and 984.5Kev.
Since we used a gate list, we still can observe these three decays in the spectrum.
Meanwhile in figure 7.4b, we used gate list of 1092.9Kev, 1149.4Kev, and 1204.0Kev.
From the lower part figure, we can find transitions from band 8 are marked, which
suggest TSD2 should decay in Band 8.
In figure 7.8, we used a long gate list to produce a triple-gated spectrum. All thirteen
band decays are very clear and sharp.
Figure 7.9, shows three double-gated spectra, which gate on different in-band
transitions. The band members except gating transitions show up in each diagram, and
the spectra are very clean, no other dirty transitions from other bands. Hence means these
decays are in coincidence with each other, and they are in an identical band. But
unfortunately, this band has not been successfully connected to known structure.
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Figure 7.6: The γ -ray Spectra of SD2

a) decays of lower part of the band b) e decays of higher part of the band
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Gate list a includes 776, 813, 858, 961, 1018, 1079, and 1203keV )

Figure 7.7: Triple-gated γ -ray Spectrum of SD2

Figure 7.8: Triple-gated γ -ray Spectra of SD2
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7.2.3 SD3 Band

This band consists of ten decays. Figure 7.10 displays the double coincidence spectra
gated on in-band transitions. Figure 7.10a is for low spin, and figure 7.10b is gated on
higher spin. Figure 7.11 displays all the band members, triple gated on long list a
including all decays of the band. Figure 7.12 is used to show the in coincidence
relationship of band members, and a, b, c are all triple gated. Due to the low statistics, we
use two figures separately to show the lower spin transitions and higher transitions.
In figure 7.10a, we double-gate on a list includes 986Kev, 1103Kev and 1161Kev.
Since we used a gate list, we still can observe these three decays in the spectrum.
Meanwhile in figure 7.10b, we used gate list of 1161Kev, 1222Kev, and 1284Kev.
In figure 7.11, we used a long gate list, which consists of all ten transitions of the
band, to produce a triple-gated spectrum. All ten band decays are very clear and sharp.
And decays of GS Band also are there, therefore TSD3 band will decay to the GS band.
Figure 7.12, shows three double-gated spectra, which gate on different in-band
transitions The band members except gateing transitions show up in each diagram, and
the spectra are very clean, no dirty transitions from other bands. Therefore these decays
are in coincidence with each other, and they are in an identical band. But unfortunately,
this band has not been successfully connected to known structure.
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Figure 7.9: The γ -ray Spectra of SD3

a) Double gated on list of three decays of lower part of the band
b) Double gated on list of three decays of higher part of the band

99

Figure 7.10: Triple-gated γ -ray Spectrum of SD3

The gate list includes all band members. Note decays of GS Band are marked
by asterisk
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Figure 7.11: Triple-gated γ -ray Spectra of SD3

7.3

ND Structure
New normal deformed bands are labeled as 1, 2, 3, 4, and 5 in Figure 7.2. Band 4

and 5 are considered to be possible strongly deformed band candidates based on their
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dynamic moment of inertia J(2) measurement, which are larger than other known ND
bands, but not as significant as SD1, SD2, and SD3. Those five bands are tentatively
placed in the level scheme in Figure 7.2, based on the decay-out research. If we gate on
low spin part of a new bands, low spin transitions of known rotational structures will
appear in the spectra, and based on these coincidence relationships, we may learn some
information about the excitation energy and the decay pathways of the new band.
Figure 7.13 consists of spectra of these five bands with proper gate lists. The
spectra are triple-gated on selected band members. All band members are marked by
transition energies.
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Figure 7.12: Triple-Gated Spectra of New Normal Deformed Bands
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CHAPTER VIII
DISCUSSION AND SUMMARY

8.1

ED Band of 171Hf and SD Bands of 172Hf
The large deformation of the strongly deformed bands in 171Hf and 172Hf has been

inferred from the fact that their dynamic moments of inertia, J(2), are larger than those of
the ND bands (~ 60 h 2 MeV) in each nucleus, and are similar to those of known strongly
deformed bands in neighboring Hf isotopes where quadrupole moments have been
measured. As demonstrated in Figure 8.1.1, the J(2) values of these bands fall into two
distinct groups: they decrease with rotational frequency in one group, while they increase
slightly in the other. When defining these two groups of bands, we excluded from
consideration the low-spin region of bands where the J(2) values are affected by either
paired band crossings and/or by interactions with ND bands. For bands in the first group,
the measured Qt values are ~ 14.5 eb in

173

Hf and 12.6-13.8 eb in

preliminary value of ~ 13 eb has also been reported for band 2 in

175

174

Hf [21]. A

Hf [22], which is

clearly larger than the estimated ~ 7 eb for the ND states [43]. For the convenience of the
discussion below, bands in this group are labeled as SD bands. Among them, only band 2
in 175Hf is linked to known levels and, as a result, the spin and parity quantum numbers
in all other bands are unknown. All of these bands start from hϖ ≥ 0.35 MeV. Inspection
of the J (2) moments of bands SD1 - SD3 in

172
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Hf indicates that these sequences fall in

this SD group. The second group includes the new ED band in 171Hf, band 1 in 170Hf [19],
and band 1 in 175Hf [22]. Notably, all of them are linked to known ND levels. They start
at lower rotational frequencies, and correspondingly at lower spins, as compared to band
2 in

175

Hf (and most likely also to the majority of bands in the SD group). A tentative

value of the quadrupole moment Qt ~ 9 eb is measured for band 1 in

175

Hf [22],

indicating an enhanced deformation; i. e., larger than that of ND bands in this nucleus,
and similar to those of TSD bands in Lu nuclei [44], but less than that of the SD bands
seen in 173,175Hf. Based on the similar properties of the bands in this group, including the
aligned angular momentum to be discussed later, it is plausible that these bands may be
associated with similar deformations. The bands in this group are labeled as ED bands.
Figure 8.1.2 compares the kinematics, J(1), and the dynamic, J(2), moments of
inertia of linked ED and SD bands observed in
band 2 in

175

171,175

Hf. The fact that the J(1) values of

Hf are considerably larger than the J(2) values and that both decrease

smoothly with increasing rotational frequency clearly indicates that the pairing
interaction is negligible in this band. This is a typical feature of rotational bands in a
regime of weak pairing [55, 56]. Based on the observed features of the dynamic moments
of inertia, the same is also expected in the other SD bands. The bands showing this type
of relation between the J(1) and J(2) moments are usually very well described in the
cranked formalism without pairing, as was illustrated by the study of smooth terminating
and superdeformed bands in different mass regions (see, e.g., Refs. [55, 56] and
references therein). The relative properties of the J(1) and J(2) moments of band ED in
171

Hf (Figure 8.1.2) suggest that pairing may be stronger in this band as compared to the
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SD bands. The same conclusion can be applied to the other ED bands. The increases in
J(2) moments seen at hϖ ~ 0:5 MeV and at hϖ ~ 0.7 MeV may be caused by a paired
band crossing. An alternative explanation for these jumps in J(2) values may involve an
unpaired interaction with unobserved bands. The available theoretical calculations can
not distinguish between these two possibilities. The observed spin ranges, the properties
of the moments of inertia, the difference in Qt moments, and other features suggest that
the SD bands in Hf nuclei are built on particle-hole excitations on the top of the ED
bands. Such particle-hole excitations lead to additional quenching of pairing and, thus, to
the observed features of the moments of inertia of SD bands. Wobbling bands in the Lu
isotopes display features similar to the group of ED bands. For 163Lu, the J (2) moment of
the TSD bands exhibits a bump in the frequency range hϖ ~0.35-0.5 MeV caused by a
gradual alignment of the first pair of i13/2 neutrons [28]. Such a bump is not seen in any
Hf band. The UC predicted i13/2 neutron crossing frequency associated with ED band in
171

Hf is greater than 0.55 MeV.
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Figure 8.1.1: Dynamic Moments of Inertia J(2) as a Function of Rotational Frequency for
the New Bands in 171,172Hf Compared to Strongly Deformed Bands in Other
Hf Isotopes
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8.1.1 ED Band in 171Hf

At the lowest level, band ED is ~ 900 keV higher than the favored signatures of
the bands built on the [521] 1/2- and [633] 7/2+ configurations. Band ED becomes yrast at
I = 67/2 h , and crosses the unfavored signature partner of the [633]7/2+ band around I =
55/2 h . The two 55/2+ states are separated by 30 keV. The strength of a possible mixing
between the bands therefore is less than 15 keV, and most likely much smaller since no
irregularity is observed in the dynamic moments of inertia of band ED at the appropriate
rotational frequency. No cross talk between the two bands is observed either. This could
indicate that band ED has a very different intrinsic structure than the ND bands, and that
band ED is most likely built upon a well separated potential energy minimum, with a
deformation different from that associated with the ND minimum. The aligned angular
momentum, ix, of band ED in

171

Hf is compared in Figure 8.1.3 with the other two ED

bands in 170,175Hf, several ND bands in these nuclei, and the SD band 2 in 175Hf. Other SD
bands in the Hf nuclei are not shown because their level spins are not established. All ND
bands are affected by the first i13/2 neutron band crossing, at a frequency of ~ 0.3 MeV,
where they gain about 7 h

in aligned angular momentum. Above this crossing, the

[521]1/2- bands change to three-quasiparticle configurations. The ED band in

171

Hf

exhibits a large initial alignment, 13.8 h , at low frequencies. Such a feature is typical for
structures with aligned high-j quasiparticles. The alignment is higher by 5.2 h than the
one of the three-quasiparticle [521]1/2- band (with a pair of aligned i13/2 neutrons). It is
also worth noting that the TSD bands in 163,165,167Lu have initial alignments of about 6 h ,
involving only a single aligned i13/2 proton [11]. The other two ED bands, band 1 in 170Hf
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and band 1 in

175

Hf, behave similarly; each has an aligned angular momentum ~ 5

h higher than the ground state band and the [521]1/2 band, respectively. The first proton
alignment observed around ~ 0:55 MeV in the ND bands of neighboring nuclei, e.g.,
169

Hf [43], is clearly missing in the ED bands.

Figure 8.1.2: Kinetic and Dynamic Moments of Inertia of Bands in
175
Hf

163

Lu,

171

Hf, and

Measured kinematic (J(1) (filled circles) and dynamic (J(2) (open circles) moments
of inertia of (a) the TSD band in 163Lu [2], (b) the band ED in 171Hf, and (c) the band 2 in
175

Hf [22]. The quoted values of quadrupole moment Qt and triaxiality parameter γ for

171

Hf are calculated with the UC code, and the γ value for

calculations.
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175

Hf is from our CRMF

.
Figure 8.1.3: Aligned Angular Moment for Bands in 170,171,175Hf
Aligned angular momenta as a function of rotational frequency for the ED bands
in 170,171,175Hf and the SD band in 175Hf. Identical Harris parameters, I0 = 30
h 2 /MeV and I1 =40 h 4 /MeV 3, were used for all bands.
In order to understand the intrinsic configuration of band ED in

171

Hf, we

performed cranking calculations using the UC code. Pairing is taken into account in the
code, and the standard parameters [27] were used for the Nilsson potential. The total
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energy at each spin is minimized in the ( ε 2 , γ , ε 4 ) deformation plane. Figure 8.1.4 shows
a representative potential energy surface for ( π，α ) = (+,-1/2) at I = 59/2 h in

171

Hf.

The minimum at ( ε 2, γ ) ~ (0:3, 4o) persists from I » 20 h to the highest spins. As seen in
the lower panel of the figure, the UC calculated excitation energies minus a rigid-rotor
reference for such a band fit quite well those of band ED. The π (i13/2 h9 / 2 ) ⊗ υ (h9 / 2 )
configuration is suggested for band ED by these calculations. The calculated initial
aligned angular moment are 6.4, 3.2, and 1 ~ for the πi13/2, πh9/2, and υh9/2 orbitals,
respectively, with a total alignment of 10.6 . This amount is comparable to the 13.8
initial alignment of band ED measured in Fig. 5. An accurate value of the alignment for
band ED is difficult to extract from the plots since a set of common Harris parameters
was used for the ND and the ED bands while they are likely associated with different
deformations. Previously, two other ED bands, band 1 in
[22]

were

proposed

as

candidates

for

TSD

170

Hf [19] and band 1 in

bands.

π (i13/2 ) 2 ⊗ υ (i13/2 ) 2 (h9 / 2 ) was suggested for the band in

175

A

175

configuration

Hf
of

Hf. Since all three ED

bands have very similar properties in terms of the quantities ix, J(1), and J(2) it is
reasonable to expect that they be associated with the same high-j intruder orbitals.
Indeed, our UC calculations for

170

Hf and

(0.3, 0), as seen in Figure 10.4 for

171

175

Hf yielded similar PES minima, ( ε 2 , γ ) ~

Hf, and the calculated excitation energies of the

corresponding bands fit those of the observed ED bands in 170Hf and 175Hf quite well. The
level of agreement between experiments and UC calculations for these bands is similar to
that obtained for band ED in 171Hf (see the lower panel in Figure 8.1.4), and, thus, those
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bands are not shown in a separate figure. The same proton configuration of π (i13/2 h9 / 2 )
is largely responsible for the ED bands in all three isotopes. In the case of
couples to a υi13/2 orbital, while in

170

175

Hf, it

Hf there is no excited neutron. The calculated

quadrupole moments for the ED bands, Qt ~ 8.5 eb, are in line with a tentative
experimental value of ~ 9 eb for the ED band in 175Hf [22]. A more precise measurement
of the transition quadrupole moment in band ED of

171

Hf would provide further support

for this interpretation. In general, the UC calculations provide consistent descriptions for
the ED bands in all three isotopes.
The UC calculations also predict a TSD minimum around (0.43, 20o) for 171Hf in
a broad spin range. At lower spins, this minimum is associated with a three-quasiparticle
configuration π (i13/2（
) h 9/2）⊗ υ ( j15/2 ) , or π61υ71 in a short-hand notation for the high-j
intruder orbitals involved, with Qt ~ 8 eb. For I ≥ 35.5 h , a five- quasiparticle structure

π (i13/2 ) 2 ⊗ υ (i13/2 h 9/2 j15/2 ) , orπ62υ71 with Qt ~ 9.7 eb becomes favored. In the UC
calculations, the N = 94 neutron TSD shell gap is penetrated by the υj15/2 orbital and two
orbitals originating from the g9/2 subshell with mixed wave functions dominated by i11/2
components [10]. Therefore, all PES minima at large deformation have the j15/2 neutron
involved in their respective configuration for the spin range of interest. As seen in Figure
8.1.4, the π61υ71 band is located ~ 3 MeV above the yrast line, and the π61υ71 band
crosses the yrast line at I ≈ 55.5 h . Such predicted TSD bands were not observed in the
experiment.
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Figure 8.1.4: Potential Energy Surfaces and Excitation Energies for Bands in 171Hf

Upper panel: Potential energy surfaces for the configuration (π, α) = (+, -1/2) at I
= 59/2 h in 171Hf calculated with the UC code. The contour interval is 0.2 MeV.
Lower panel: Experimental and UC calculated excitation energies minus a rigidrotor reference for bands in 171Hf.
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8.1.2 SD Bands in 172Hf

The J (2) moments of bands SD1 - SD3 in 172Hf fall in the SD group, although the
J

(2)

values of band SD2 are ~ 10% larger than the ones of SD1 and SD3 and there are

also some irregularities. The difference in J

(2)

moments, together with the fact that no

linking transitions between the bands were observed, suggests that the three SD bands in
172

Hf are not members of the same wobbling family as seen in Lu isotopes, where very

similar J

(2)

moments and inter-band Δ I = 1 enhanced E2 transitions were found [3], in

agreement with expectations. In order to understand the intrinsic configurations of these
bands SD1 - SD3 in 172Hf, it is helpful to compare them with other SD bands in 173,175Hf,
noting the following similarities between bands: (i) their J (2) moments resemble each
other; (ii) band SD1 in 174Hf and band 2 in 175Hf are isospectral; (iii) similarly, band SD1
in 172Hf and the band in 173Hf are isospectral as well; (iv) the band in 173Hf and band SD1
in 174Hf have similar quadrupole moments [21].
Isospectral bands, especially those with large deformation, are often associated
with closely related configurations. In particular, they often contain the same high-j
orbitals. It is likely that the SD bands in 172Hf have configurations similar to those of their
heavier neighbors. Among all bands in the SD group, only band 2 in 175Hf was linked to
known levels, and a configuration of π (i13/2 ) 2 ⊗ υ (i13/2 ) 2 h 9/2 (j15/2 ) 2 was proposed for
this band in Ref. [22]. Similar configurations were suggested for the SD bands in 173,174Hf
[21]. However, such a configuration assignment for band 2 in 175Hf was questioned based
on the CRMF calculations in the previous section. A definitive interpretation for bands
SD1-SD3 in

172

Hf is difficult since they are not linked to the low spin level scheme.
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Without the knowledge of spins, parity, and excitation energies of the bands, a detailed
comparison between calculations and experimental values cannot be performed.
Representative PES obtained in the UC calculations for
Similar to the calculated PES in

172

Hf are given in Figure 8.1.4.

174

Hf [21], no prolate minimum with large deformation

(ε2 ≥ 0.4) is present. A high-spin TSD minimum around (ε2, γ) ~ (0.43, 16o) is predicted
for all combinations of parity and signature (π, α) above spin I ~ 34 h . The other
minimum at (ε2, γ) ~ (0.45, -12o) is located at higher excitation energy and it is not well
developed. Therefore, any TSD band (if observed) should be related to the minimum with
a positive γ value. The calculations indicate that many closely lying bands located in this
minimum should be observed. The predicted intrinsic configuration for the minimum
with (ε2, γ) = (+, 0) is π (i13/2 ) 2 ⊗ υ (h 9/2 j15/2 ) , or π62υ71. The configurations with other
combinations of parity and signature are associated with the same high-j intruder orbitals,
π62υ71. The predicted TSD bands approach the yrast line above spin I ~ 50 h , similar to
theπ62υ71 band depicted in Figure 8.1.4 for 171Hf. The UC calculated Qt values, 10.5-11.5
eb, for the TSD structures in 172Hf are close to the values predicted for the TSD structures
in

174

Hf. However, as mentioned above, the UC calculations do not predict the

deformations for SD bands in

173,174

Hf correctly. The same may occur in

measurement of quadrupole moments for the SD bands in

172

172

Hf. A

Hf is likely to provide

further information about the validity of the UC calculations, and the nature of the
observed bands. It is not clear whether the three SD bands in

172

Hf should be associated

with a TSD minimum (as suggested by UC calculations) or with a near-prolate SD
minimum (as suggested by the CRMF calculations in
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175

Hf). More detailed investigation

of these bands calls for a systematic study of the SD bands in the

172,174

Hf nuclei within

the framework of the CRMF theory using an effective alignment approach; this is beyond
the scope of the current manuscript. At present, the possibility of these bands being TSD
structures cannot be ruled out. Indeed, the intensity of each band is low, and the
observation of collective wobbling excitations based on these bands might be difficult,
even if they are triaxial. Such a result may stem from two mechanisms. In the first one,
the interaction between wobbling band and surrounding quasiparticle bands leads to a
considerable fragmentation of the wobbling amplitude in its wave function, so that, to a
large degree, it looses to a large degree its unique properties. This mechanism is expected
at high excitation energies for wobbling bands. In the second mechanism, the population
of the wobbling bands drops below the observational limit since the total feeding
intensity has to be distributed among many excited bands. This mechanism is the same as
the one proposed in Refs. [25, 26]. The situation in odd-Z, even-N Lu isotopes, where
wobbling excitations were observed, is very different in comparison to the Hf isotopes.
The excitation energy of the lowest quasiparticle TSD bands (nw = 0 bands) in 163,165,167Lu
nuclei is relatively low in comparison to that of other configurations; in particular, it is
lower than that of TSD bands based on quasiparticle excitations [23, 25]. Therefore, it is
easier to populate with significant strength wobbling bands built on these nw = 0 bands,
since other configurations are likely located at higher excitation energy and,
consequently, the interaction between the wobbling bands and quasiparticle bands is
weak, and does not lead to a significant fragmentation of the wobbling amplitude.
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Normal Deformed Bands of 171Hf

8.2

8.2.1 Cranked Shell Model Calculations and Band Crossing Frequuency

In Figures 2.3a and 2.3b, the Nilsson orbital diagrams for proton, 50<Z<82, and for
neutron, 82<N<126 are presented. In the Figs. 8.2.1 and 8.2.2 quasiparticle energy levels
in the rotating coordinate system, Routhians, for neutrons and protons are shown as a
function of rotational frequency. They are calculated with the Ultimate Cranker code [8]
using standard Nilsson parameters. For γ = 0° and ε = 0.25 in order to represent the
normal deformed nuclear shape. Neutron and proton orbitals are labeled by upper and
lower case respectively, in orders of increasing excitation energies. The α = -1/2 and

α = +1/2 signatures of states with positive parity are indicated by dotted and solid lines,
respectively, and by long-dashed and dot-dashed lines for negative-parity states. In the
Tables 8.2.1 and 8.2.2 the labeling schemes of the different neutron and proton orbitals
are listed in accordance with Figures. 8.2.1 and 8.2.2.
In Figure 8.2.3 the excitation energy, Eex , of the ND bands is shown relative to a
rigid rotor reference as a function of spin, I. The experimental alignment of ND bands is
pictured in Figure 8.2.4.
The first i13 2 neutron crossing (AB) is observed at a frequency of hϖ ~ 0.22 MeV
in

171

Hf in agreement with calculations. The neutron BC crossing is predicted at hϖ ~

0.33 MeV and observed at hϖ ~ 0.37 MeV . The lowest proton crossing at frequencies
hϖ ~ 0.5 MeV , is probably caused by proton fg crossing, see detailed discussion for
179

Hf in Ref [].
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Table 8.2.1: Labeling of the Lowest Neutron Orbitals
Label

Neutron orbital

(π，α )

A, B

[633]7/2

(+ ，± 1 2)

C, D

[642]9/2

(+ ，± 1 2)

E, F

[521]1/2

(− ，± 1 2)

G, H

[512]5/2

(− ，± 1 2)

M,N

[514]7/2

(− ，± 1 2)

Table 8.2.2: Labeling of the Lowest Proton Orbitals
Label

Neutron orbital

(π，α )

a, b

[660]1/2

(+ ，± 1 2)

c, d

[404]7/2

(+ ，± 1 2)

e, f

[514]9/2

(− ，± 1 2)

g, h

[541]1/2

(− ，± 1 2)
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Figure 8.2.1: Quasi-particle Routhian for Neutrons
Quasiparticle rothian for neutrons as a function of rotational frequency
computed with γ = 0o, ε = 0.25
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Figure 8.2.2: Quasi-particle Routhian for Protons
Quasiparticle Routhian for protons as a function of rotational frequency
computed with γ = 0o, ε = 0.25.
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Figure 8.2.3: Excitation Energy Relative to the Rigid Rotor Reference for ND Bands in
171
Hf
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Figure 8.2.4: Aligned Angular Momentum for the ND Bands
Alignment of the ND bands relative to a reference, I ref = J 0ϖ + J1ϖ 3 with

J 0 = 30h 2 MeV −1 and J 1 = 50h 4 MeV −3 as a function of hϖ .
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8.2.2

8.2.2.1

Proposed Configurations for ND structures

The X1 Band

This band decays to [521]1/2- structure (Band E). From Figure 8.2.3, it appears that
excitation energy of band X1 is ~ 400 keV higher than the band [521]1 2 - ⊗ AB at low
spins, and drops to 100 keV at spins around 73 2 h . As seen in Figure 8.2.4, the band
head overlaps with [521]1 2 - ⊗ AB configuration, then gains 2h alignment at hϖ ~ 400
keV, then gains further angular momentum at hϖ ~ 520keV, which indicates the
involvement of protons crossing. There are many decay-out transitions from band X1 to
band E, which is similar to the vibration pattern in 169Hf . So we suggest that Band X1 is
a vibrating band built upon the [521]1/2- configuration.

8.2.2.2

The X2 Band

The negative-parity X2 band decays to both signatures (A, B) of [633]7 2 , and the
+

intensities of linking transitions suggest that it mainly goes into unfavorite band B. It
appears in Figure 8.2.3 that the band has an excitation energy higher than other ND
bands. The [514]7 2 orbital is the closest negative-parity orbital. From Figure 8.2.3, we
-

can find the energy difference between band X2 and [512]5 2 is about 380 keV at 25h ,

and the energy difference between these two orbitals in Figure 8.2.1 is about 400 keV at
hϖ ~ 250 keV. From above analyses, we suggest X2 band has a configuration based on

MAB orbitals.
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8.2.2.3

The X3 Band

+
X3 band is a short sequence, which decays to [633]7 2 band A, while bands X4 and X5

feed X3. From Figure 8.2.3, we can see that the excitation energy of band X3 is close to
configuration ABC. In figure 8.2.4, it shows that X3 band looks like the low spin
extension of ABC.

8.2.2.4

The X4 Band
Band X4 decays to X3 through stretched E2 transitions. According to Figures

8.2.3 and 8.2.4, X4 looks like that band A going directly into a proton alignment without
BC crossing.

8.2.2.5

The X5 Band

The configuration of X5 remains unclear, because its spin/parity is not determined.

Table 8.2.3: Suggested Configurations of ND bands in 171Hf.
Band

Configurations

X1

Vibrational

band

above

[521]1 2 - ⊗ AB
X2

M ⊗ AB

X3

Low spin extension of ABC

X4

A ⊗ ad

X5
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CHAPTER IX
SUMMARY

Rotational band structures in
states were populated with

48

171,172

Hf nuclei were studied. The high-spin nuclear

Ca(128Te, xn) reactions, and gamma rays detected by the

Gammasphere, a Compton-suppressed germanium spectrometer array,. Three strongly
deformed bands in

172

Hf and one in

171

Hf were identified and the latter was linked to

known ND structures. The wobbling mode, an experimental fingerprint of triaxiality, was
not observed. The strongly deformed bands in 170-175Hf fall into two groups: the ED bands
and the SD bands. The first group includes the new band in
proposed TSD candidates in

170

Hf and

175

171

Hf and two previously

Hf. The results of cranking calculations using

the Ultimate Cranker code are consistent with the observed properties of the ED bands.
The calculations suggest that the ED bands are associated with near-prolate shapes and an
enhanced deformation with respect to the ND bands. Their configurations involve a
proton i13/2h9/2 structure. However, the UC calculations with standard parameters for the
Nilsson potential failed to reproduce the deformation of previously observed SD bands in
173,174
175

Hf. The cranked relativistic mean-field calculations indicate that the SD band in

Hf, and very likely the similar bands in 172-174Hf, are near-prolate superdeformed bands

with configurations involving πi13 / 2 ⊗ vj15 / 2 high-j orbitals. The measurement of
quadrupole moments for the new bands in 171,172Hf would be of helpful in confirming the
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above assessments. Further experimental and theoretical efforts are necessary to
investigate the possibility that some weak bands in the SD group may still be associated
with TSD shapes.
Besides the ED band in

171

Hf and SD bands in

172

Hf, the normal deformed level

schemes have been extended considerably. A total of eleven ND bands have been
observed in 171,172Hf, five in 172Hf and six in 171Hf. Spins and parities have been assigned
for levels in five new bands in

171

Hf. Quasi-particle configurations have been proposed

for these new bands. Bands A and B, the two sequences based on the [633]7/2+
configuration, have been extended from 73/2+ to 89/2+, and from 63/2+ to 83/2+,
respectively. Some transitions in the sequences based on the [521]1/2- configuration have
been adjusted. The band H, built upon the [512]5/2- configuration, has been extended
from 75/2- to 95/2-, and a new transition added to the top of band G that is based on the
same configuration. The new band X1 decays to the [521]1/2- configuration, and the
linking transitions have been determined to be stretched E2 transitions. X1 was suggested
to be a vibration band built upon the [521]1/2- configuration based on its decay pattern
and rotational properties, such as the excitation energy and the alignments. The band X2
decays to [633]7/2+, and the intra-band linking transitions have been determined to be
stretched E1 transitions. An intrinsic configuration of MAB was suggested for this band.
A short sequence of X3 was suggested to be the low-spin extension of band ABC. Band
X4 decays to X3 through stretched E2 transition. It is, most likely, the band A going
through a proton alignment. The configuration of band X5 remains unclear.
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